A study of nucleate boiling heat transfer over a horizontal rotating cylinder. by Tang, Shih-I
University of Windsor 
Scholarship at UWindsor 
Electronic Theses and Dissertations Theses, Dissertations, and Major Papers 
1-1-1970 
A study of nucleate boiling heat transfer over a horizontal rotating 
cylinder. 
Shih-I Tang 
University of Windsor 
Follow this and additional works at: https://scholar.uwindsor.ca/etd 
Recommended Citation 
Tang, Shih-I, "A study of nucleate boiling heat transfer over a horizontal rotating cylinder." (1970). 
Electronic Theses and Dissertations. 6091. 
https://scholar.uwindsor.ca/etd/6091 
This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor 
students from 1954 forward. These documents are made available for personal study and research purposes only, 
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution, 
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder 
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would 
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or 
thesis from this database. For additional inquiries, please contact the repository administrator via email 
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208. 
A STUDY OF NUCLEATE BOILING HEAT TRANSFER
OVER
A HORIZONTAL ROTATING CYLINDER
A Dissertation
Submitted to the Faculty of Graduate Studies through 
the Department of Mechanical Engineering in Partial 
Fulfillment of the Requirements for the Degree of 
.Doctor of Philosophy at the 
■ , University of Windsor
By
Tang, Shih-I
BoEngo, National Southwest Associated University, 19^3 
M.A.Sco, University of British Columbia, 1965
Windsor, Ontario, Canada 
1970
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: DC52660
INFORMATION TO USERS
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleed-through, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion.
®
UMI
UMI Microform DC52660 
Copyright 2008 by ProQuest LLC.
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest LLC 
789 E. Eisenhower Parkway 
PO Box 1346 
Ann Arbor, Ml 48106-1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
p, .&V' 50 o
APPROVED BY
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TO MY PARENTS AND WIFE
Tang, Yueh-liang 
Li, Shu-cheng & 
Liang, Han-chang
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
The influence of rotation on nucleate boiling heat 
transfer from a horizontal heated circular cylinder ro­
tating about its own axis in Trichlorotrifluoroethane 
(CClgF-CClFg» Refrigerant-113) and in distilled water has 
been investigated. Both copper and brass cylinders, 1,125
inches in diameter and 8 inches long, were tested at heat
2
flux densities between 8000 and 26000 B.t„u,/hr-ft • for a 
range of rotating Reynolds numbers from zero to 2,6 x 10 , 
It has been found- that rotation has no significant effect 
on the heat transfer coefficient for low to moderate speeds, 
In this region, for
?•nr. 1. *
Re,0<^(Re - “ ~ ) <  0,35
Nu , \ 3/2
Sob.
^0.12(Pr)^
where Nus ^ is the Nusselt number based on the cylinder 
diameter for stationary boiling, existing correlations of 
boiling heat transfer for a stationary surface for a specific 
liquid-solid interface could be used to predict the heat 
transfer rate. For very high rotary speeds boiling ceased 
and forced convection became the only mode of heat transfer. 
In this region, for Re^>l„35Bec »- the experimental data are 
correlated well by
Nu = 0o12(-^y-)Z/3(Pr)l/3a 
Between these limiting cases, a smooth and gradual transi-
111
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tion region was observed in which the size and the frequency 
of the bubbles decrease with increasing speed until the 
bubbles completely disappear,, The heat transfer results 
for both stationary surface boiling and forced convection 
were found to be in general agreement with those of other 
investigators. In addition, the values of "Csf" and "r" 
in the Rohsenow equation for boiling from a stationary 
cylinder for the brass - R-113 combination were determined.
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NOMENCLATURE
SYMBOL 0
a exponent of Eq, (2-2^-)
A
2
effective heater surface area, ft
C specific heat, B,t,u./lb -°F
Cd constant of Eq0 (2-1)
«Hm
o
coefficient of Eq, (2-17)
D diameter of cylinder, ft
Db bubble diameter, ft
Dt diameter of the tube of Eq, (2-22), ft
f friction coefficient
fb bubble frequency, l/hr
Fr Froude number, ^  13
2g ' 2
g acceleration due to gravity, ft/hr
Gb
2
mass velocity of Eq. (2-19), lbm/hr-ft
■ gc
8 / 2 conversion factor, 4 017 x 10 lb^-ft/hr -lbf
g l
Gr
h
mass velocity defined by Eq0 (2-23), lb /hr-ft
3 2 m 
Grashof number, &D./?/6.AT
^  . 2 o 
heat transfer coefficient, B,t0u,/hr-ft - F
fg latent heat, B,t0u 0/lbm
k thermal conductivity, B„t0u 0/hr-ft-°F
Nu Nusselt number, ^
Nub
Nubr
hDb
Nusselt number based on bubble diameter, ----
kL
bubble Nusselt number defined by Eq0 (2-19)
xii
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Xlll
Nubz Nusselt number defined by Eq0 (2-21)
Nus ^ Nusselt number based on the cylinder diameter for 
0 ’stationary boiling
/ 2P pressure of saturated liquid, lb^/ft
Pr Prandtl number, —fi-li
kL
Q heat flux, B,t0u./hr
r exponent of Eq. (2-17)
R bubble radius, ft
0
R rate of growth of the bubble radius, ft/hr
2
Re rotating Reynolds number, Ujpp-
Re-^  bubble Reynolds number, (pL^b^b
P'L
Re^r bubble Reynolds number defined by Eqc (2-19)
Re^z bubble Reynolds number defined by Eq. (2-21)
0o12(Pr)I75
t^ bubble growth period, hr
Tg saturation temperature, °F
t waiting period, hr
Tw wall or surface temperature, °F
A T  A T s= Tw - Ts , °P
U surface speed of rotating cylinder, ft/hr
bubble velocity, ft/hr
P, U2Dh
We Weber number, —   u
, Nu„ h 3/2
Re critical rotating Reynolds number, (---c
s exponent of Eq. (2-17)
3C<
distance from wall, ft
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J3 coefficient of thermal expansion, l/°F
^  bubble contact angle, degrees
jJL dynamic viscosity, lbm/ft-hr
2 .
V  kinematic viscosity, ft /hr
p  density, lbm/ft^
O' surface tension, lb^/ft
<p function
U) angular velocity, l/hr
SUBSCRIPTS 
L liquid
v vapour
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CHAPTER I 
INTRODUCTION
1.1 GENERAL
Generally, two fundamentally different types of boiling 
are known to occur - nucleate and film. When a surface 
exceeds the saturation temperature of the surrounding fluid, 
vapour bubbles form, grow and detach at various nucleation 
sites on the heating surface. This phenomenon is called 
nucleate boiling. Film boiling, which is associated with 
surface temperatures well above the saturation temperature, 
occurs when vapour is formed so rapidly that a vapour film 
envelops the entire heating surface. An unstable transition 
region exists between these two types of boiling where heat 
is transferred alternately by nucleate and by film boiling.
Nucleate boiling is of great practical interest because 
a high heat flux density can be accommodated with a small 
temperature difference between the heating surface and the 
boiling liquido Practical applications of boiling heat 
transfer theory are found in high power density systems, 
such as thermal power plants, refrigeration systems, rocket - 
engines, space power plants, etc.
Considerable research on boiling heat transfer from 
stationary heating surfaces has been carried out and the 
results published, but there appears to have been only one
1
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paper published on boiling heat transfer from a horizontal 
cylindrical surface rotating about its own axis. In spite 
of all these investigations a complete understanding of 
nucleate boiling is still lacking,
•
The purpose of this research is to investigate the 
effect of rotation of a solid horizontal circular cylin­
drical heating element about its axis on nucleate boiling 
taking place at its surface. The fluids used in this study 
were R-113 and distilled water. The heating surfaces used 
were copper and brass,
1.2 FACTORS AFFECTING NUCLEATE BOILING
The following are some of the variables which will 
affect the relationship between the heat flux and the 
solid-liquid temperature difference for nucleate
. 1,2,3*boiling s
a. State of the fluid - Nucleation is affected by the 
physical properties of the vapour and liquid, such 
as density, specific heat, thermal conductivity, 
surface tension, viscosity and latent heat. Sus­
pended particles can initiate nucleation0 Impu­
rities can cause a significant effect on the heat 
transfer characteristics of a fluid,
b 0 Nature of the solid surface - Surfaces of different
^Superscript Arabic numerals designate References at the end 
of paper0
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3materials give different rates of heat transfer for 
a given temperature difference between the heating 
surface and the boiling liquid. The surface rough­
ness governs the heat transfer coefficient. In­
creasing roughness improves the heat transfer. 
Wettability of the heating surface is another im­
portant factor affecting nucleate boiling. Wetted 
surfaces give better heat transfer rate than unwetted 
surfaces,
c. Effect of aging - Aging of metallic surfaces may 
occur either as a result of scale deposits from the 
liquid or by oxidation of the surface. Both of 
these effects cause lower heat transfer coefficients. 
This is probably due to the fact that nucleus ca­
vities on the heating surface may shrink or fill up 
completely as a result of the aging process,
d. Heat flux - An increase of heat flux activates more 
nucleation sites, thus increasing the bubble popu­
lation which in turn increases the heat transfer 
rate. Some sites become active only at higher heat 
flux. The bubble grows faster at higher than at 
lower heat flux,
e. Effect of pressure - An increase of the system pres­
sure raises the saturation temperature of the liquid
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
which in turn reduces the surface tension of the 
liquido A decrease of surface tension results in 
a smaller bubble size or in a smaller required 
superheat*
f. Effect of liquid temperature - At a given tempera­
ture difference between the heating surface and the 
liquid, the boiling coefficient increases with the 
temperature of the liquid.
g. Geometry of the system - The heat transfer rates 
appear to be independent of the geometry of the 
system because the bubbles induce strong localized 
agitation in the superheated liquid film adjacent 
to the heating surface0 All existing correlations 
for nucleate pool boiling were formulated by con­
sidering dimensionless ratios which utilize bubble 
dimensions rather than the dimensions of the 
apparatus.
h. Gravitational fields - Heat transfer processes are 
gravity dependent. As g increases, the heat transfer 
coefficient increases,
i. Effect of gases - Gases trapped in cavities on the 
heating surface or absorbed in the liquid help to 
overcome the constrictive effect of surface tension
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and hence bubbles will be stable at lower vapour 
pressures or at lower temperatures than would be 
possible in the absence of the gas. Thus the pre­
sence of gases lowers the superheat required for 
stable bubbles which in turn increases the heat 
transfer coefficient.
4
j0 Hysteresis - Corty and Foust observed a hysteresis 
effect on the boiling curve as shown in Figure 1,
A surface boiling at point c for some time even­
tually becomes gas free0 Reducing the heat flux 
causes the state to follow path c-d-b-a where 
boiling is completely eliminated. Increasing the 
heat flux subsequently may cause the state to go 
out to point e and then to change abruptly from 
e to d thence up to c. Lines g and f represent 
alternative heating paths for differing amounts 
of initially active bubble patches. For these 
surfaces, cavities become deactivated on cooling, 
thus requiring more initial superheat on subsequent 
heating. When this larger superheat is reached, 
these dormant cavities become active again which 
cause the surface nearly to explode into boiling.
In addition to this hysteresis effect some recent 
investigations^'^ have shown that the boiling curve 
could be of a S-shape as shown in Figure 1 for de-
Re produced with permission of the copyright owner. Further reproduction prohibited without permission.
7
creasing heat flux. Zuber suggested that this 
may be due to the effect of the nucleating char­
acteristics of the heating surface and of the bubble 
population. If this is true, then all the existing
equations for nucleate boiling, such as given by
8 9Rohsenow , Forster and Zuber , and others can only
be a first approximation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER II 
LITERATURE SURVEY
2.1 REGIMES OF BOILING
10In 193^» Nukiyama performed a simple experiment by 
submerging a thin platinum wire in water and heating the 
wire electrically to produce boiling at atmospheric pres­
sure in order to study the regimes of boiling. Later 
similar experiments on boiling heat transfer for various 
liquid-surface combinations verified the boiling regimes 
suggested by Nukiyama.
Farber and Scorah^^ suggested that the boiling curve, 
a plot of the heat transfer rate (Q/A or h) versus the 
temperature difference between the heating surface and the 
saturation temperature of the liquid, could be subdivided 
into six regimes as indicated in Figure 2i
Regime I: Natural convection - Liquid is being
heated by free convection without boiling.
Regime IIs Nucleate boiling I - Bubbles begin to form
at active nuclei on the heating surface 
and grow larger as the temperature ; 
difference (AT) increases. When the
buoyant force of the bubble overcomes the
adhesion force to the heating surface,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
bubbles break off and rise through the 
pool inducing a convection current. As 
bubbles rise, some combine into larger 
bubbles, and others rise individually,
■but all disappear in the liquid before 
they reach the liquid-vapour interface. 
Bubbles continue to form on the same sites 
In this nucleate boiling region the ebulli 
tion is not vigorous.
Regime Ills Nucleate boiling II - Vigorous boiling 
takes place. A great number of larger 
bubbles ascend through the superheated 
liquid and rise into the air as vapour 
at the liquid-vapour interface. The 
stirring action produced by rising bubbles 
in turn increases the heat transfer rate. 
This is the most efficient heat transfer 
region because a high heat flux density 
can be accommodated with a small AT,
Regime IVs Transition - An unstable film forms over 
the heating surface which intermittently 
collapses and re-forms. Since the heat 
transfer rate decreases with further in­
creases in surface temperature, this part 
of the boiling curve is essentially un­
stable .
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Regime V: Film boiling I - The film of vapour over
the heating surface does not collapse hut 
becomes stable. Due to the rapid forma­
tion of large bubbles, the outside surface 
of the vapour film is continuously agitated 
and moves rapidly in wave form.
Regime VI: Film boiling II - A stable vapour film
remains over the heating surface.
Bubbles form at the surface of the film 
instead of at the nuclei on the heating 
surface. In this range, heat is transferred 
through the vapour film by conduction and 
radiation.
12In 1963» Zuber*s experiments indicated the existence 
of two separate regimes in nucleate boiling, namely,
a. the regime of isolated vapour bubbles - in this
regime, which corresponds to low heat flux den­
sities, bubbles do not interfere with one another,
b0 the regime of continuous vapour columns - in this 
region, bubbles interfere with each other and form 
continuous vapour columns and patches as heat flux 
increases.
13Later, Moissis and Berenson presented an equation to 
predict the heat flux at which the abrupt transition from
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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isolated vapour bubbles regime to continuous vapour column 
regime occurred,,
14Recently, Gaertner has found that at least three, 
and possibly four, heat transfer subregimes, depending upon 
the mode of vapour generation, exist in saturated nucleate 
pool boiling of liquids from a horizontal surface„ The 
vapour structures on the surface progressed through a se­
quence of first discrete bubbles, then vapour columns and 
vapour mushrooms, and finally vapour patches, as the surface 
temperature was increased,, These individual vapour struc­
tures, or combinations of them, determine the mechanism of 
heat transfer in the three, and possibly four, nucleate 
boiling subregimeso He concluded that any. heat transfer 
model or design equation which is based on the dynamics of 
individual bubbles, or on any other single mechanism, must 
be in serious error.
2.2 MECHANISM OF NUCLEATE BOILING HEAT TRANSFER 
1 <
Jakob proposed that during boiling vapour bubbles 
originate in a thin highly superheated layer of liquid near 
the heating surface. A bubble can not originate from zero 
radius and boiling will not start unless curvature is pre­
sent, such as are formed by wall roughnesses or by gas 
bubbles and other impurities in the liquid. The degree of 
superheating of a boiling liquid will depend upon the statis­
tical mean of the radius of curvature of wall roughnesses
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
or of bubbles of gas adhering to the walls on which the 
liquid can evaporate. The process of originating, growing 
and detaching of vapour bubbles causes some motion of the 
liquid and therefore promotes the heat transfer on the 
heating surface,
Gunther and Kreith showed the existence of a highly 
superheated film next to the heating surface. The high 
thermal resistance of this film is removed by the growth and 
collapse of vapour bubbles. They suggested that the radial 
velocity of growing vapour bubbles and superheated film 
thickness next to the heating surface can account for the 
heat transfer rate,
k
Corty and Foust demonstrated the importance of the 
size and distribution of the microroughness in determining 
the liquid superheat and boiling heat flux.
All of the preceeding investigators assumed that the 
large heat transfer rate associated with nucleate boiling 
is a consequence of agitation in the superheated liquid 
sublayer caused by bubble dynamics (micro-convection),
. 17
In 1959* Forster and Greif summarized and discussed 
the various mechanisms of boiling heat transfer postulated 
by different investigators as follows:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Mechanism 1
Mechanism 2
Mechanism 3
Mechanism 4
Microconvection in the sublayer.
The large heat transfer rate asso­
ciated with nucleate boiling is a con­
sequence of the strong micro-convection 
in the highly superheated sublayer at the 
heating surface caused by bubble dynamics.
The bubbles act in the manner of surface, 
roughness.
For boiling heat transfer with forced 
convection the bubbles on the heating sur­
face increase the turbulent exchange of 
liquid between the heating surface and the 
moving bulk liquid by acting much in the 
same way as roughness.
Latent heat transport by bubbles.
During bubble growth it absorbs 
energy as in the form of its latent heat 
of vaporization. This is subsequently 
transported from the solid liquid inter­
face region when the bubble detaches. 
Vapour-liquid exchange action.
The amount of heat transferred by 
the liquid-vapour exchange taking place 
every time a bubble grows and then
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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collapses on, or detaches from, the 
heating surface is by itself sufficient 
to account for the heat flux in nucleate 
boiling.
They critically reviewed these various mechanisms and 
made the following comments*
Mechanism 1* This mechanism is widely accepted at the 
present time but must be abandoned be­
cause it is incompatible with the experi­
mental finding that the heat flux is quite 
insensitive to the level of subcooling. 
Qualitatively, micro-convection parallel 
to the surface is present; but quantita­
tively, it cannot provide a major part 
of the heat flux in nucleate boiling.
Mechanism 2* According to the hypothesis, the heat
transfer coefficient must be affected by 
the ratio of bubble diameter to pipe dia­
meter. But it is found experimentally 
that the heat flux is practically un­
changed by doubling the pipe diameter.
Mechanism 3 s It has been observed that the latent
heat contained in the bubbles accounts 
for only a few per cent of the total heat
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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absorbed from the heating surface in 
boiling. Some investigators suggested 
that additional heat flux could probably 
be transport through the bubbles by mass 
transfer. Further analysis of this mecha­
nism will depend upon the outcome of fu­
ture experiments.
Mechanism 4: Probably, this is the most favorable 
explanation of boiling heat transfer 
mechanism. An example of boiling water 
at atmospheric pressure has shown that 
about 1 0 0  times more heat is transferred 
by the process of liquid-vapour exchange 
at the heating surface than by the latent 
heat transport. The exchange of liquid 
and vapour for each bubble volume is 
sufficient to acount for the observed 
heat flux in nucleate boiling,
18Hsu and Graham suggested a model of the nucleate 
boiling mechanism from the results of their observations.
In this model they divided the conception, growth, and 
departure of a bubble into three distinct stages (Figure 
3)*-
Stage Is Development of the thermal layer - A uni-
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formly heated flat surface is imperfect with 
small cavities distributed over it and with 
a liquid above it. Each of these cavities
2
is potentially a site for a bubble nucleus •
A bubble nucleus will initiate and develop 
*
at one of these sites, provided that a proper 
superheated thermal layer is established in 
the vicinity of the site 0
Stage II: The bubble growth period - The rapidly
growing bubble greatly disturbs and dis­
places the thermal layer. This displace­
ment action apparently extends as far as 
one bubble diameter away from the nuclea- 
tion centre.
Stage III: The destruction of the thermal l a y e r - The 
thermal layer in the vicinity of the bubble 
is destroyed when the bubble leaves the sur­
face and the heating surface is splashed by 
a stream of relatively cold liquid at high 
velocity around the nucleation site.
A definite time period is required for 
the liquid over the heating surface to warn 
up again to the superheated condition; then 
the nucleate boiling cycle repeats the 
stages just, described above.
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Han and Griffith postulated that the heating surface 
in pool boiling is divided into two parts, the bulk convec­
tion area with active sites to generate bubbles and the 
natural convection area without active sites. In the area 
of bulk convection, heat is transferred from the heating 
surface by a similar model as suggested by Hsu and Graham,, 
Each departing bubble carried away from the surface a super­
heat enthalpy associated with the thickness of the thermal 
layer near the surface. In the area of natural convection, 
heat is transferred from the heating surface into the main 
body of the liquid by the usual convection process in a 
continuous manner,
20
Mikic and Rohsenow postulated the model of boiling
heat transfer mechanism for a single bubble as follows* A
departing bubble from the particularly active site on the
heated surface will remove with it a part of the superheated
liquid layer, As shown by Hsu and Graham, the affected area 
2
is 7TD^j this area of influence has a diameter equal to ZD-^ * 
Following the departure of the bubble and the superheated 
layer, the liquid at Tg from the main body of the fluid 
flows into the area of influence and comes into contact
with the surface at Tw 0  Assuming only pure conduction in 
the liquid in the area of influence, this part of heat trans 
fer is modeled as conduction to a semi-infinite body (the 
liquid) with a step change in temperature (AT = Tw- Ts ) at 
the surface.
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2.3 PHENOMENA PERTAINING TO BUBBLE DEPARTURE FROM A HEATED 
SURFACE
2.3.1 Bubble Size
In boiling heat transfer, the following equation sug- 
21 22
gested by Fritz and Wark is widely adopted to evaluate 
the bubble diameter just breaking off from a horizontal 
heated surface
Db= Cd £
2 gc(T
(2-1)
where = 0 ,0 1 ^ 8  and the contact angle ^  is in degrees 0 
The experiments of Gaertner and Westwater^ have shown that 
the diameters predicted by this equation are in fairly good 
agreement with experimental data in the low and medium range 
of heat flux densities,
2.3.2 Bubble Departure Frequency and Velocity
The departure frequency of a bubble at a single nuclea- 
tion site may be defined as
1
b td+ ^w
(2-2)
where t^ is the bubble growth period, which is the time 
interval from the start of bubble growth on a heating sur­
face until it detaches from the surface, and tw is the 
waiting period, which is the time period between the depar­
ture of a bubble and the formation of a new bubble nucleus 
on the same site.
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15Jakob observed that td= tw and the product of mean
bubble diameter, Db, and mean frequency, T^, was constant
and independent of heat flux for all liquids tested at a
18
particular pressure. Later Hsu and Graham and Westwater 
24
and Kirby noticed that td is not necessarily equal to tw , 
Westwater also observed that the product of mean diameter 
and mean frequency was not constant at high heat flux,
25
Peebles and Garber proposed that the bubble velocity 
in a gravitational field could be calculated by
s0s
Vw= 1.18
26
Pi
2,
4
(2-3)
Jakob and Linke observed that
Di
(2-4)
By combining Equations (2-2), (2 -3 ) and (2-4) Zuber2^ 
has derived a correlation between departure size and depar­
ture frequency as followsj
Dbfb=
td+ tw
1.18
crgeg<ftrPv)
. Pi
Z
(2-5)
Recently, the relationships between bubble diameter
and bubble frequency of three separate subregimes within
2 8
the nucleate boiling regime were suggested by Ivey t
a. Hydrodynamic region - In this region the diameter
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and frequency are assumed to depend solely on the 
buoyancy and drag hydrodynamic forces acting on a 
bubble (thus inertia, surface tension, and viscous
forces are neglected),
1 i
For this region f^D^=0o90g2,
b 0 Transition region - In this region the bubble dia­
meter and frequency are assumed to depend on three 
dynamic forces which are all similar in magnitudes 
these are the forces of buoyancy, drag, and surface 
tensiono
1. i
For this region f1;)D 1:)=0.4^g4 (cm4),
c, Thermodynamic region - In this region the bubble 
diameter and frequency are assumed to be governed 
solely by thermodynamic considerations, e.g. the 
bubble growth rate is determined by the heat transfer 
rate through the region near the liquid-vapour
boundary of the bubble,
2
For this region f^D^=Constant0
2,3,3 Latent Heat Transport bv Departing Bubbles
Based on early observations of the rate of vapour pro­
duction in subcooled nucleate boiling of water at atmospheric 
pressure, some investigators believed that the latent heat 
transport by the bubbles contributed insignificantly to the 
total heat flux in saturated pool boiling. They believed
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that the high heat transfer rates in nucleate boiling were 
attributable to the agitation induced by bubble formation 
and release near the heating surface„ Later, investiga­
tions provided evidence that evaporation is a major heat
29
transfer mechanism, Moore and Mesler suggested that the 
high heat transfer rate in nucleate boiling is due to the
vaporization of a microlayer of water underneath bubbles,
30 . . . .
Sharp further verfied the existence of an evaporating
liquid film at the base of bubbles during high heat flux 
nucleate boiling by optical techniques,
5
Recently, Rallis and Jawurek have found that the 
latent heat transport (Q/a )ljj at-all stages significant. 
They observed that the ratio (Q/A)L^/(Q/A )<p0 -t;ai increases 
steadily with increasing heat flux and appears to tend to 
unity as (Q/A)ip0^a]_ tends towards burnout. They proposed 
that latent heat transport and convection together account 
for the total flux in saturated pool boiling.
Up to the present time, the contribution of the stirring 
action and/or latent energy transport of bubble to the high 
heat transfer rate in the nucleate boiling region still has 
not been determined.
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2,4’ HEAT TRANSFER FROM A HORIZONTAL ROTATING SURFACE
2.4,1 Non-Boiling Heat Transfer
Studies of non-boiling convective heat transfer from 
a horizontal rotating surface have received considerable 
attenion during the past decade. The present section 
briefly describes some of the studies which are of impor­
tance to the subject.
31Anderson and Saunders measured the heat transfer from 
horizontal cylinders, 1 .0 , 1 , 8  and 3 * 9  inches in diameter, 
each 2 feet long, rotating in still air. The material of 
the cylinders was not mentioned. They showed that the 
Nusselt number is almost independent of the Reynolds number 
for rotational speeds from zero to a critical value. The 
critical Reynolds number was found to be equal to
A
Recr= 1.09 (Gr)S. (2-6)
Above the critical Reynolds number it was found that
the Grashof number had a negligible effect on the rate of
heat transfer. They correlated their results in this region
by replacing the buoyancy acceleration term (^SgAT) in the
free convection equation for a horizontal surface,
1/3
Nu = 0.14 (Gr Pr) ,
using cylinder diameter as the characteristic length, with
2
a corresponding centrifugal term (2U /D) thus yielding
2/3
Nu = 0.10 (Re) . (2-7)
Equation (2-7) was later rearranged into the following 
32
form by Becker by introducing the Prandtl number in order
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to be applied to the general case of any liquid:
Nu = 0.111 ( R e J ^ C P r ) 1 ^ 3 (2-8)
33Etemad investigated the heat transfer and flow around
horizontal copper and bakelite cylinders, 2  and 2 i inches 
in diameter, each 8  5 / 8  inches long, rotating in air between 
a range of Reynolds numbers from 0 to 65^00 0 He found that 
for Reynolds numbers below 1000 the Nusselt numbers depend 
almost entirely on the Grashof numbers.
For Reynolds numbers between 1000 and 8000, both 
natural convection and rotation influence the h&at transfer 
rate, Etemad suggested the following heat transfer correla­
tion:
For Reynolds numbers above 8000, where the heat transfer 
is independent of the Grashof number, the following expres­
sion was recommended by Etemad to correlate his experimental
results: 0  7
Nu = 0.076 (Re) *(, (2-10)
34Dropkm and Garmi studied experimentally the convec­
tive heat transfer from two horizontal nickel-plated copper 
cylinders, 4.5 and 3 o2 5  inches in diameter and each 2 1  inches 
long, rotating in air for Reynolds numbers up to 433000. For 
Reynolds numbers larger than 15000 they suggested the 
following heat transfer correlation:
(2-9)
Nu =0.073 (Re) 0 ° 7 (2-11)
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In the region where both the Grashof and the Reynolds 
numbers influenced the heat transfer their results were 
correlated by the equation
Nu = 0.095 (0.5Re2+ Gr)°°35. (2-12)
35Kays and Bjorklund presented the experimental heat 
transfer data for a copper cylinder, 2 . 2 6  inches in diameter 
and I8 t inches long, rotating in air with and without cross­
flow, By means of the analogy between heat and momentum 
transfer, they obtained the following equation to predict 
the Nusselt number
Re Pr JT/Z ( ,
Nu = --------------------------- 7= -----------  v
5 Pr + 5 1 n( 3 Pr + 1 ) + (l/Jf/Z) - 1 2
The data by Theodersen and Regier were used to estimate 
the value of the friction coefficient, "fM,.
37Seban and Johnson measured the heat transfer from a 
horizontal stainless steel cylinder, 2 i inches in diameter 
and 1 5  inches long, rotating, in oil and water in a tank 
having a horizontal cross section of 1 5  by 1 6  inches,
Prandtl numbers ranged from about 130 to 660 with Reynolds 
numbers up to 3 x 10 , Their experimental results showed 
an increasing dependence of free-convection heat transfer 
on rotation as the Prandtl number is increased by reducing 
the oil temperature. At higher rotative speeds, where the 
flow became turbulent, the free-convection effect vanished,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
the results were correlated by plotting Nu/Pr0,33^ versus 
the Reynolds number.
32
Becker measured the heat transfer from a horizontal 
stainless steel cylinder, 0 . 3 9 6  inch in diameter and 11.8 
inches long, rotating in water in a tank having a horizontal 
cross section 300 by 600 mm. He correlated the experimental 
results by the equation
Nu = 0.133(Re)2 /,3 (Pr) 1 / / 3  (2-14)
for a range of rotating Reynolds numbers from 1000 to 46000, 
and Prandtl numbers from 2.2 to 6,4, His results compared 
very well with the existing experimental information avail­
able for air, water and oil. His correlation was also shown 
to be slightly higher but in close agreement with the other 
existing correlations over the range studied.
Since none of the above-mentioned investigations has 
specified the method.of preparation and the resulting surface 
roughness, it would appear that the texture and finish of the 
heating surface does not have a significant effect on the 
heat transfer rate for non-boiling forced convection,
2,4.2 Boiling Heat Transfer
The only data available on boiling heat transfer from
a rotating cylinder was published recently by Nicol and 
38McLean^ , They investigated boiling heat transfer from a 
horizontal copper cylinder, 0 . 9 2 2  inch in diameter and 10i
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inches long, rotating in still water at atmospheric pressure
in a tank having a horizontal cross section 20 by 10 inches
2
at heat flux densities between 8000 and 25000 B.t.u0/hr-ft 
with rotary speeds from zero up to 8 5 0  rpm0 Each run was 
performed at a constant rotary speed while the power input 
to the test section was varied at increments of approximately. 
200 watts. The surface finish of the cylinder was not ■- 
specified. They found that an increase in the rate of heat 
transfer per unit temperature difference occurred for rota­
tional speeds up to 150 rpm. For rotational speeds greater 
than this value, the rate of heat transfer decreased,, A
plot showing the effect of speed on A T  for their experi-
39
mental results is shown in Fig. ^ .
2.5 CORRELATION OF POOL BOILING HEAT TRANSFER
Heat transfer data for pool boiling have been correlated 
by using a bubble Nusselt number (Nub), a bubble Reynolds 
number (Reb), and the Prandtl number of the liquid (Pr^),
Upon application of the theory of similarity to the differen­
tial equations of heat transfer and fluid flow, a relation 
of the form
Nub= 0 (Reb> Pr^) (2-15)
may be shown to exist for the heat transfer from a solid 
boundary to a fluid. An approximate form of the function 
0 may obtained from experimental data, and for purposes of 
design, an empirical expression of the form
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Nu = Constant (Reb)m (Prb )\n (2-16)
is usually employed„
IfQ-lllf.
There have been numerous equations to correlate
the experimental data in the nucleate boiling region. How­
ever, only those correlations used in the present investi­
gation will be discussed here.
2.5.1 Horizontal Stationary Surface
8In 1951* Rohsenow assumed that the movement of 
bubbles at the instant of breaking away from the heating 
surface was of prime importance. He developed an equation 
by correlating experimental data from near inception of 
nucleate boiling to maximum heat-flux values over a wide 
range of pressure and for various fluid-surface combina­
tions as follows:
(Rebr)(Pr)
Nu
Csf (RehJ r (Pr)s•br; (2-17)
br
or
CL (TW- Ts ) | Q/A
— :-------- = csf
where
lfg JU[hfg
So(T V (Pr) (2-18)
Re br"
Nubr
(Gb )(Db )
A
(Q/A)(Db )
Ts)(kL)
(2-19)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2 7
The coefficient Csf is a constant which depends upon 
the material of the heating surface and fluid used0 is 
the diameter of the bubble as it leaves the heating surface 
and is the mass velocity of bubbles at their departure
Q
from the heating surface0 Rohsenow suggested a value of
r=0.33 for all liquid-surface combinations. However, Vachon J
thought that this value might not be the true value because
Mr" is a function of surface preparation and liquid-surface
combination. The exponent Ms” is supposed to account for
surface cleanness. Rohsenow initially recommended a value of
s=l„7 for clean surfaces for all liquid-surface combinations* 
46
However, he has recently recommended that, for water only, 
this value be changed to l o0 with no change in the originally 
tabulated values of Csf for the various water-surface combi­
nations. This change was recently confirmed through a per­
sonal communication with Rohsenow.
Table I lists some magnitudes of C sf for some liquid- 
surface combinations by correlating the experimental data
hrp h Q
from Addoms ', from Cichelli and Bonilla , from Piret and 
Isbin^, and from Cryder and Finalborgo^0 for pool boiling 
of water, benzene, ethyl alcohol and n-pentane.
In 1955» another correlation employing Equation (2-16)
o
was derived by Forster and Zuber by assuming that the move­
ment of the bubble boundary, while bubbles are still 
attached to the heating surface, is of importance. It
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
takes the form of
Nubz=0.0015 (Rebz)0*62(Pr)°o33 (2-20)
where
Re, =
2RRfl
bz it
/ ]
Nubz=
L
(Q/A)(R) 
(Tw- Ts)(kL )
(2-21)
Here R and R are the radius and rate of growth of the bubble 
radius respectively,
Although the exponents and coefficient of the Forster- 
Zuber equation were derived using peak-value data only, it 
was found that it also approximates data in the nucleate 
region,,
In 1958, a bold approach to the correlation of existing
^1data on nucleate boiling was proposed by Gilmour in 
contrast to the usual method. He suggested that an equality 
be written of three familiar dimensionless groups together 
with a new dimensionless group to take care of pressure and 
surface tension and obtained the following expression!
h - 0.001 ( ^ 2 ;)'°"3 (Pr)'0a6(— —  )0>425 (2-22)
ClOl A  V f t
where D-j. is the diameter of the tube and
(Q/AYi
0, = ------- (2-23)
hfS A
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The correlation was found to be in good agreement for a 
variety of liquids boiling on copper and steel surfaces„ 
However, the predicted values were too high for stain­
less steel and chromium surfaces.
Generally, all of the existing correlations in nucleate 
boiling region proposed by different investigators are based 
upon similar methods but assumed different physical 
models for the boiling process. Actually, they are not 
complete since none of them has taken into account the 
nucleating characteristics of the heating surface0 Besides, 
the various investigators do not even agree on the quanti­
tative and qualitative effects of some of the important, 
variables such as temperature difference, surface tension, 
liquid viscosity, etc., in their derivations.
For saturated nucleate boiling, the relationship
between heat transfer coefficient and temperature difference,
such as Equations (2-18), (2-20) and (2-22) can usually be
7 51approximated jby the empirical form
h = Constant (Tw- Ts )a (2-2^)
with the value of "a” usually between 1 and 3; the constant 
depends on the thermodynamic properties of the vapour and 
of the liquid and also on the surface-fluid combination,.
Recent experimental results, as mentioned in Zuber's 
paper"''" indicate that different nucleating characteristics
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of the surface not only affect the value of the constant 
but also the value of the exponent in Equation (2-2^).
The value of Ma ” at a constant pressure for the same sur­
face-fluid combination can be varied from 3 to 2 5  by po­
lishing the surface with different grades of emery paper.
Until now there has been no single equation which can 
correlate all of the existing experimental results. The 
main fault with most existing correlations lies not only 
in the neglect of heating surface effects but in the lack 
of certainty about the various mechanisms of nucleate 
boiling.
c2 <3 20
Tien , Hall and Hatton , and Mikic and Rohsenow
have recently presented some new correlations for pool 
boiling by including the effect of heating surface char­
acteristics, However, until further justifications of 
these correlations, Equation (2 -1 9 ) of Rohsenow is still 
as widely verified by experimental data as others0
2,5.2 Horizontal Rotating Surface
The only correlation in boiling heat transfer over a
oQ
rotating surface was suggested by Nicol and McLean . They 
correlated their results in terms of significant parameters 
and nondimensional groups influencing the boiling mechanism, 
which differed above and below the critical speed. The 
critical speed was found to be 1 5 0  rpm for a 0,922 inch dia­
meter copper cylinder boiling in water. Below the critical
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speed the effects of rotation were correlated by the inclu­
sion of a Weber-Reynolds number term in the boiling equation 
54of Lienhard which took the form;
Q/A = 235(AT)1 #^^(kL )(Pr)1^  l+l?8(We/Re)°*63] (2-25)
Above the critical speed the same basic equation was modified 
to include a Froude number which gave the correlating equa­
tion; .
Q/A = 520(AT)lo7 6 (kL )(Pr)l/ 3 (Fr) “ ° * 1 8 6  (2-26)
where k^ is the thermal conductivity of liquid. It should 
be noted that neither Equation (2-25) nor Equation (2-26) 
is dimensionless.
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CHAPTER III 
APPARATUS AND INSTRUMENTATION
3.1 APPARATUS
The general arrangement of the experimental apparatus 
is shown in Figures 5 and 6, The principal components are 
explained in detail as follows:
3.1.1 Steel Tank (Figures 5 and 7):- The tank was made of 
Ir inch cold rolled steel plate electrically welded to a 
rectangular shape of a size Ilf- x ll| x 18 inches high. 
Plexiglass windows were installed around the side walls of 
the tank to permit visual observation and high speed photo­
graphy of the boiling phenomenon during the tests. It was 
necessary to insulate the tank with one-inch insulation 
when boiling distilled water at a heater input of 5 0 0  watts. 
This was done in order to minimize the heat loss through the 
tank walls and consequently to maintain the liquid within 
the tank boiling at saturation temperature.
3.1.2 Working Fluid (Figure 5)!_ Refrigerant R - U 3  or 
distilled water approximately llg- inches deep was maintained 
inside the tank during the tests, The temperature of the 
bulk liquid v/as measured’ during each test by passing a 
thermocouple probe vertically through the top cover of the 
tank. The tip of the probe was positioned about 2-| inches
32
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above the tank bottom, 2j? inches to one side of the cylinder 
and at the mid-point along the cylinder,, This single posi­
tion reading was found to provide a good indication of the 
average bulk temperature of the boiling liquid as a result
of a test where the thermocouple probe was moved to a
*
number of other locations near and around the cylinder,. No 
significant spatial variation in temperature was observed 
during this test0 The bulk fluid temperature was observed 
to be in agreement with the saturation temperature for the 
existing local pressure within +0,3°F,
55Yamagata and co-workers have conducted boiling heat 
transfer experiments at several depths of liquid level and 
showed that the heat transfer coefficients remain fairly 
constant over a range of liquid levels from ^0 to 60 mm,
They concluded that for greater depths the heat transfer 
coefficient would be unaffected by the presence of the 
liquid vapour interface. Therefore, the 5sf inches of test 
liquid over the heating surface axis for the present inves­
tigation was considered to be adequate.
Since the complete technical data concerning the 
physical properties of Trichlorotrifluoroethane, R-113, 
were furnished by Du Pont of Canada Ltd., Freon-113 manu­
factured by Du Pont was used in all test runs throughout 
the course of experimentation. The distilled water for the 
present experiment was supplied by the Department of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3^
Chemistry, University of Windsor, The relevant physical 
properties of R-113 and distilled water are listed in 
Table II,
3,1,3 Heater Cylinder Assembly:- The heater assembly was 
cylindrical in shape, 8 inches long with a diameter of 
1,125 inches. The detailed construction of the assembly 
is shown in Figure 8, The spacer cylinder shown is a slide- 
fit inside the outer sheath with a diametral clearance of 
approximately 0,001 inch. The electric cartridge heater 
was encased in the centre of the spacer cylinder with a 
diametral clearance of 0 , 0 0 3  inch to supply the required 
heat to the cylinder surface.
In order to measure the temperature distribution with­
in the cylinder, eight thermocouples were embedded in the 
cylinder at two different radii 180° apart and at four
selected locations along the longitudinal axis. Two grooves 
_ o
180 apart were milled axially along the length of the outer 
surface of the spacer cylinder in order to carry the thermo­
couple lead wires. One groove was used to accommodate the 
thermocouples which were mounted near the heater-spacer 
interface in 0 ,0 3 5 ~inch-diamete.r holes along the groove.
The thermocouples were fixed in place by peening the material 
over it. The second groove accommodated the leads of thermo­
couples mounted in the outer sheath near the cylinder surface 
as shown in Figure 9, These thermocouples were soldered in
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o
place at a location 1 5  away from the centre line of the 
groove in order to minimize any disturbing influence on 
the temperature and heat flux near the groove,
Each end of the cylinder,' which was insulated by tem­
perature resistant Teflon material to minimize the end
*
heat loss, was connected to a 0,5-inch 0, D, stainless 
steel hollow shaft through which the power leads and the 
thermocouple leads were led to their respective slip rings. 
The stainless steel shaft, which passed through brass glands 
at both ends of the tank, was supported by three ball 
bearings.
Due to the limited number of terminals on the thermo­
couple slipring assembly, thermocouples were embedded only 
in the half length of the cylinder (Figure 8) to measure 
the temperature distribution along the longitudinal axis 
of the cylinder,, The temperature distribution along the 
other half of the cylinder was assumed to be symmetrical.
Two identical cylinders were tested which differed 
only in the material of the spacer cylinder and outer 
sheath. For the copper cylinder, Alloys 110 and 122 were 
used to fabricate the spacer cylinder and the outer sheath 
respectively. For the brass cylinder, Alloys 3 6 0  and 260 
were used respectively. The chemical composition of each 
Alloy is shown in Table III,
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3,10^  Rotary Speed Control (Figures 5 and 10);- The test 
cylinder was driven by a j/k h.p, electric D, C, motor 
equipped with A, G. speed control box through a wormwheel 
speed reducer, timing belt and pulleys. Timing belt drive 
was employed to prevent slippage between shafts. The speed 
control mechanism was capable of regulating the cylinder 
speed from 0 to 2000 rpm, The rpm of the cylinder was 
measured by a Hasler-Tel speed indicator to within ±1%,
3,lo5 Condenser (Figure 5)!~ A condensing coil, made of 
16 feet of -g inch 0, D, copper tubing, was installed in 
the vapour-filled space above the liquid level inside the 
tank. City water was used as a coolant inside the tubing 
and the quantity of flow could be adjusted by a globe 
valve. While boiling R-113 it was found that the condensing 
coil maintained the boiling pressure inside the tank equal 
to the atmospheric pressure for all heat fluxes with the 
valve completely open. It was noted that the water system 
took a much longer time than the R-113 system to reach its 
steady state condition. Because of the inexpensive cost of 
distilled water and the tremendous time saved on allowing 
the system to reach its steady state, the vapour-filled 
space of the tank was vented to the atmosphere so the con­
densing coil was not used when studying boiling water.
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3.1.6 Auxiliary Heater (Figure 5)!~ Two immersion-type 
1000-watt electric heaters were mounted through the tank 
walls and protruded into the test liquid parallel to the 
axis of the test cylinder. The heaters were located near 
the bottom edges of the tank away from the test cylinder 
in order to avoid any direct interaction between vapour 
bubbles from the immersion heaters and the test cylinder. 
These auxiliary heaters, controlled by separate Variaqs 
independently of the primary unit, were used to preheat 
and maintain the liquid at the saturation temperature when­
ever necessary. The auxiliary heaters were not required 
during the tests using boiling R-113o However, when boiling 
distilled water with a 5 0 0 -watt input it was necessary to 
use one of the heaters on a power input of approximately 
200 watts in order to maintain the bulk temperature of the 
water at the saturation temperature.
3.2 INSTRUMENTATION
The detailed specifications of the instruments used 
for the temperature and power measurements are listed in 
Appendix I. The instrumentation circuitry used is as 
follows!
3.2.1 Thermocouple Circuitry (Figures 11 and 12)
Copper-constantan thermocouple wires (Gauge No. 30 
B & G) were used to measure all temperatures. The bead of
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each thermocouple was made by a thermocouple welder and 
had an average diameter of 0 , 0 3 0  inch, .
The emf readings of thermocouples embedded in the test 
cylinder were transmitted out through a 10-circuit packaged 
slipring unit. According to the manufacturer's specifica­
tion, the noise of the sliprings under 6 0 0 0  rpm was vir­
tually eliminated by the use of special gold alloy rings 
and compatible brushes.
To ensure that the thermocouple outputs were trans­
mitted properly through the slipring unit when the cylinder 
was at rest or in rotation during the tests, the noise of 
the sliprings was checked before the unit was connected to 
all thermocouple leads. The method used to check the noise 
was as follows: first, a pair of rotating terminals were 
short circuited, second, the corresponding pair of sta­
tionary terminals were connected in series with a dry cell 
and a resistor, third, any voltage drop across the resistor 
was observed by a precision potentiometer when the cylinder 
was both at rest and in rotation at various speeds. Noise 
was negligible since no voltage drop was observed during 
the testing.
All thermocouple lead wires, which were identical in 
size- and material with thermocouple wires, from the thermo­
couple sliprings were connected to a Honeywell multipoint 
temperature recorder through a switch panel. The switch 
panel was wired in such a way that the temperature of any
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desired thermocouple could also be measured by a precision 
potentiometer during the course of a test which could be 
read accurately to within +0,002 milivolt.
Thermocouple Ta , which was used to measure the ambient
room temperature, was taped in direct contact with a preci-
o
sion thermometer having 0,1 F divisions. The thermometer 
indicated the room temperature and at the same time pro­
vided a check to the recorder and the precision potentio­
meter readings from thermocouple Ta during test.
An ice-point unit made by Thermo Electric (Canada) Ltd,
was used as a cold reference junction for all temperature
measurements. Periodic checks against an ice bath indicated
that the accuracy of the unit was within the range from 0°C 
o
to 0 , 0 5  C specified by the manufacturer,
3,2,2 Power Supply Circuitry (Figures 5 and 13)
Electrical power was supplied to the primary heater 
from a 110-volt A, C, constant voltage regulator and varied 
by means of a 280-volt Variac autotransformer. Three carbon 
brushes for each of the two copper slip rings were used to 
transmit the electric power to the rotating heater. Before 
each series of test runs, the copper slip rings were polished 
with a fine emery paper and contact lubricant was applied to 
minimize any potential drop across the contacts. Resistance 
across the contacts was measured before and after each series
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of test runs, and no significant change in resistance was 
noted. Total electric power input was measured by a 0-250 
volt voltmeter and a 0-5-20 ampere multirange ammeter con­
nected as shown in Figure 5«
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CHAPTER IV
EXPERIMENTAL PROCEDURE
ifol GENERAL PROCEDURE
Prior to each series of test runs, the heating surface 
was prepared by polishing it with No, 240 emery paper while 
rotating the cylinder. It was then washed with acetone.
The inside of the tank was thoroughly cleaned with 
acetone before being filled with the testing liquid to a 
depth approximately 6 inches above the test surface axis.
The power supply to the cylinder heater was adjusted 
to the desired level using a Variac. In addition the 
auxiliary heaters and condenser coil were turned on when 
necessary.
The system was permitted to reach steady state for each 
test. Steady state was clearly defined when steady readings 
from all thermocouples were indicated on the continuous 
chart of the multipoint temperature recorder which was run 
at a chart speed of inch per minute. This usually took 
approximately 5~10 minutes for boiling R-113 and 10-15 
minutes for boiling wate°r. However, at the beginning of 
each series of boiling runs, extra time (approximately one 
hour) was required to degas the system before a steady state 
condition was achieved,
41
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When steady state was reached, the values of all 
thermocouples, depth of liquid, power input of heater, 
manometer, barometer, rpm, room temperature, etc,, were 
measured and recorded.
To ensure an accurate reading of the thermocouples 
the emf of all thermocouples was measured with a preci­
sion potentiometer once the system reached its steady 
state condition.
To minimise any variation of the heat transfer 
rate due to ageing of the heating surface, the series of 
test runs were completed in the minimum possible time 
after each polishing of the heating surface.
All experiments were conducted with atmospheric 
pressure at the vapour-liquid interface.
Still and high-speed motion pictures v/ere also taken 
during the course of several test runs,
4 .2 DETAILED DESCRIPTION OF SPECIFIC SERIES OF TESTS
In order to observe clearly the effects of the rotary 
speed on the heat transfer coefficient, most of the test 
runs were conducted at a fixed heat input (500* 1000 or 
1500 watts) while the speed of the cylinder was varied 
incrementally from zero up to approximately 2 000 rpm.
For each liquid-surface combination two specific serie
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of tests were conducted and described as follows:
(a) Stationary, constant heat flux, variable cylinder 
orientation tests
The purpose of these tests was to establish 
the internal temperature distribution within the 
cylinder, to find the effect of cylinder orien­
tation on surface temperature, and to compare with 
published data of a stationary surface,
(b) Constant heat flux, variable speed tests
The purpose of these tests was to study the 
effect of rotation on the heat transfer coeffi­
cients for a rotating surface.
The specific series of test runs carried out for each 
liquid-surface combination is described in detail in 
Appendix II, The computer programme used to calculate the 
final results from the experimental data is given in 
Appendix III and the experimental data and the calculated 
results are listed in Appendix IV,
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CHAPTER V
EXPERIMENTAL RESULTS AND ANALYSIS
5.1 GENERAL
5 o1 o1 Thermal Effects within the Cylinder
The temperature distribution along an internally 
heated circular solid cylinder of finite length should 
indicate higher temperatures at the mid-point and lower 
temperatures at both ends due to end conduction losses„ 
However, many of the temperature distribution plots for 
the present investigation do not show this trend, especially 
at higher heat flux densities, This is illustrated in 
Figure 14, In some cases the temperature gradient near 
the end appeared to be negative and in others positive.
It was suspected that the probable cause of these 
erratic temperature distributions was due to a non-uniform 
thermal resistance generated at the interfaces between the 
heater and the spacer cylinder and between t}ie spacer 
cylinder and the outer sheath. In order to investigate 
this, the temperature drop across the interface between 
the spacer cylinder and the outer sheath was calculated 
by- extrapolating both the inner and outer thermocouple 
temperature measurements within the cylinder to the radius 
of the spa.cer-sheath interface by assuming that all the
44
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heat was conducted radially from the heater cartridge. The 
temperature drops and the calculated thermal interface 
resistance at various locations for various power inputs 
for each liquid-surface combination are listed in Table IV 0 
The variation of the surface temperature along each cylinder 
is of the order of 6% of the mean temperature drop across 
the spacer-sheath interface. This 6 % variation is easily 
attributable to local differences in the thermal interface 
resistance due to slight variations in the clearance between 
the spacer cylinder and the outer sheath (see Appendix V 
"Discussion of Thermal Interface Resistance").
Non-uniform axial heat generation in the cartridge heater 
may be another contributing factor causing the anomalous longi 
tudinal temperature distribution within the cylinder9 however, 
since the interfacial thermal resistance decreases with in­
creasing heat flux, we may conclude that un-even thermal resis 
tance between the interfaces is most likely the cause of the 
erratic temperature distribution along the cylinder.
5.1.2 End Conduction Loss. Mean Surface Temperature and 
Heat Flux Density
The maximum possible end conduction loss from the 
heater cylinder assembly was estimated in order to deter­
mine whether its neglect would have any significant 
effect on the analysis of the surface temperature and heat 
flux calculations.
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This loss was determined by assuming that the heat was
conducted through the stainless steel support shafts which
were assumed to act as fins at each ends. In the calcula- 
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tion , the surface heat transfer coefficient used was 
assumed constant and equal to the average value evaluated 
from Anderson and Saunders' and from Becker's equations 
(Eq. 2-8 and Eq, 2-1^ respectively)} the average value of 
the temperatures measured by Thermocouples No. 1 and 5 was 
used as the maximum possible temperature at the shaft-cy- 
linder interface j the fin or shaft length was assumed to 
be equal to 3  inches; and the heat loss at the other end 
of the shaft was neglected. This maximum end loss through 
the hollow shafts at each end of the cylinder for various 
liquid-surface combinations was found to be less than 
2.5% of the total heat input to the cylinder (see Table V).
Based upon the preceeding calculations, it was con­
cluded that the end conduction loss could be neglected 
for all surface temperature and heat density calculations 
since the predicted loss was less than the probable error 
in the data. As a result, the heat flux density, Q, was 
evaluated directly from the electrical power input to the 
heater recorded by the voltmeter and ammeter by assuming 
that all the heat input to the test section was dissipated 
radially through the cylinder wall 0
Since Figure 1^ shows a fairly uniform temperature
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distribution near the surface throughout the centre part 
of the cylinder, a 4J inch span along the centre section of 
the cylinder was selected and assumed to be the representa­
tive heat transfer area for the calculation of the mean 
surface temperature. The mean surface temperature was 
evaluated assuming symmetry of the temperature profile about 
the mid point of the cylinder. The mean temperature is then 
given by (T^+2T6)/3.
5.1.3 Surface Temperature Distribution
By employing the one-dimension radial heat conduction 
equation and neglecting the end conduction loss, the surface 
temperature at various locations along the length of the 
cylinder were calculated based on the temperature measure­
ments of Thermocouples No, 5» 6» 7* and 8 located 0,025+0,005 
inch beneath the cylinder surface. Figures 15 and 16 show 
typical surface temperature distribution curves for various 
liquid-surface combinations. The maximum temperature dif­
ference between Thermocouples No, 5t 6, 7, and 8 and the
o
cylinder surface was found to be -0,8 F for the brass cyl- 
o
m d e r  and -0,3 F for the copper cylinder,
5.1.4 Effect of Cylinder Orientation on Thermocouple Reading
With the cylinder stationary during boiling, it was 
noted that both the inner and outer thermocouple readings 
were affected slightly by changing the orientation of the
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cylinder. The average of the thermocouple readings of the
four orientation positions of the cylinder were used to
calculate the surface and inner temperature distribution
along the cylinder at zero speed. Figure 17 shows some of
the typical temperature variations for various liquid-sur-
*
face combinations during boiling for a stationary cylinder 
oriented at different positions. Generally the heat trans­
fer coefficient for the bottom of the cylinder was slightly 
better than that at the top. The heat transfer coefficients 
at the sides of the cylinder were found to vary inconsist­
ently, This is probably due to the unpredictable boundary 
layer behaviour caused by the forced convective flow field 
about the cylinder induced by bubble motion in the tank and 
the interaction between bubbles around the cylinder,
5,1,5 Error Analysis of Calculated Experimental Results
Almost all test runs for each liquid-surface combina­
tion have been repeated in order to check the reproduci­
bility of the experimental results. All instruments, 
thermocouples and equipment involved were carefully 
inspected, aligned and calibrated before and during each 
series of tests. Periodic checks indicated that the thermo­
couple readings were unaffected by the presence of electric 
equipment in the test area.
The following are the possible sources of error in the
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present experimental measurements t
a » Errors in measuring the power input 
■* *
Possible reading and instrument errors were:
Parallax Instrument 
A. C. Voltmeter 0-250V +0.25V ±0.5% Full Scale
A. C 0 Ammeter 0-5A +0,0125A +1,0% Full Scale
0-20A +0.025A +lo0% Full Scale
The circuit error was found to be -0,1 and 
- 0 ,2 % for the lowest and highest heat fluxes res­
pectively, Therefore, the maximum possible errors 
in measured power inputs were s ,
Highest heat flux (193V, 7.75A) +3.5%
-3.9%
Lowest heat flux (111V, 4.50A) +2,6%
-2.8%
b. Errors in measuring thermocouple readings
For a stable input to the precision potentio­
meter the dial could be read accurately to a re­
producible value of + 0 . 0 0 2  milivolt which intro-
o
duces a reading error of +0.1 F in each tempera­
ture measurement. This is the probable maximum 
reading error in all the temperature measurements 
for all except the runs below 5 0 0  rpm using water.
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For these runs a new error arose due to tempera­
ture fluctuations of the order of +0.^°F in the 
readings of Thermocouples No, 5» 7 and 8, which
were embedded near the surface. Each respective
reading of Thermocouples No0 5» 6, 7 and 8, taken 
*
by the potentiometer, was the estimated average 
of the fluctuating temperature readings. The esti­
mated maximum error of these unstable readings was 
+0,5°F. The stem conduction loss of all thermo­
couples was considered to be negligible. In addi­
tion to the above-mentioned reading errors, a
o o
possible installation error of +0,2 F and +0.1 F 
arises for Thermocouples No, 5» 6, 7 and 8 for 
brass and copper cylinders respectively due to the 
uncertainty of their exact location.
Since the bubble frequency and population were 
comparatively low in boiling water, the heating 
surface was only partially covered with vapour 
bubbles at any given time. The temperature reading 
of the thermocouples near the surface was higher 
when vapour bubbles formed or swept over the sur­
face than when no vapour bubble formed or passed 
over it. This is probably the cause of the tempera­
ture fluctuations in the thermocouple readings for 
low speed runs.
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c . Errors of calculated temperature differences
Based upon the explanation of Paragraph b the 
probable maximum error for all heat flux den­
sities, including human and instrumental, of 
the calculated temperature differences was esti­
mated to be,
d. Error in measuring rotary speed
The rotary speed of the test cylinder was 
found to vary slightly during each constant 
speed test. The speed variation was found to 
be less than ±1%,
e , Errors of Nusselt and rotating Reynolds numbers
Based upon the preceeding individual errors, 
the probable maximum error for the rotating Rey­
nolds number was found to be ±2% and that for 
the Nusselt number is as follows*
Brass Copper
For water below 500 rpm 
For water above 500 rpm
For R-113 at all rpm
o o
+1,2 F +1.1 F
. o o
+0.^ F ±0.3 F
±0A°F ±0„3°F
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Brass Copper 
For water below 500 rpm ±3°% ±20%
For water above 500 rpm ±12% + 7 %
For R-113 at all rpm + 6 % ± 5%
The probable error in these quantities would be sig­
nificantly less than these maximum values,
5,1.6 Measurement Of Surface Roughness
Longitudinal profilometer measurements of the rough­
ness of the cylinder heating surface were taken before arid 
after a series of boiling runs. The roughness of the newly 
polished surface for both brass and copper cylinders was 
measured to lie between 20 and 25 microinches (rms). No 
significant change in surface roughness for both cylinders 
was observed after the cylinder was used to boil either 
water or R-113.
5.2 HEAT TRANSFER RESULTS AND CORRELATIONS
5.2.1 Stationary Surface
Figures 18 and 19 show plots of heat flux density 
versus mean temperature difference for different liquid- 
surface combinations. These figures also show some of the
4 , 5 7  5 8  5 9
previous experimental results ’ * * plotted for com­
parison. Generally, at the same heat flux densities
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lower temperature differences were noted for the copper 
surface compared with those of the previous investigators. 
For the water-brass combination, the curve for the present
CjO
results agrees well with the data of Cryder and Gilliland
but reveals a lower temperature difference than those of
Cryder and Finalborgo"^ for the same heat flux density,.
The disagreement is probably attributable to the difference
in surface finish^ 0  and to the geometric arrangement Of the
7
test section. According to Zuber , the heat flux density 
is not only a function of the temperature but also dependent 
upon the condition of the surface since the bubble popula­
tion is greatly affected by this condition. By changing 
surface characteristics the shape of the nucleate boiling, 
curve can be changed. Unfortunately, data for the R-113 - 
brass combination are not available in the literature for 
comparison.
An attempt has been made to correlate the present 
experimental data by using the Rohsenow (Eq. 2-18), Forster 
and Zuber (Eq. 2-20), and Gilmour (Eq. 2-22) equations for 
zero rpm, A comparison between the Rohsenow correlations 
for the present investigation and those for previous works 
using the same liquid-surface combination are shown in 
Figures 20 and 21 0 The values of "Csf>M, ”s" and "r” used 
in Rohsenow correlation are listed in Table VI 0 Correla­
tions using the Forster and Zuber, and Gilmour equations
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are plotted in Figures 22 and 23 respectively,,
Generally the correlation curves of the present study
show a better heat transfer rate than those achieved by
4 5
previous experimenters. According to Vachon et al, , 
values of "r” do not have to be equal to 0,33 because of a 
definite dependency of "r" on surface preparation technique. 
The slight deviation of the measured values of "CSfM and 
«r« from the values suggested by Rohsenow is probably due 
to the geometric arrangement and the unpredictable nuclea- ' 
ting characteristics of the heating surface caused by the 
different techniques in preparing the surface,
5.2,2 Rotating Surface
Figures 24 and 25 show the effect of the rotary speed 
on the temperature difference between the heating surface 
and the bulk liquid for different liquid-surface combina­
tions, Generally, these curves show a slight increase in 
AT as the speed increases up to a value about 500 rpm.
Beyond this value a small but significant decrease of AT 
occurs with further increases in speed,
Op pQ
Nicol and McLean * found that aT decreased substan­
tially to a minimum near the rotational speed of 1 5 0  rpm 
(Re = 1^500) for an 0,922-inch diameter copper cylinder 
in water (see Figure 4), However, Figures 24 and 25 show
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that no such change in AT was observed in these tests. Al­
though the surface material, cylinder size, heat flux range 
and geometric arrangement of the heating surface of Nicol 
and McLean were similar to those of the present investiga­
tion, their methods of measuring the surface temperature
*
distribution and the power input are different. The heated 
cylinder of present study had a smooth outside surface while 
that of Nicol and McLean had a discontinuous surface caused 
by the copper strips placed in the grooves covering the 
thermocouple lead wires. In addition, Nicol and McLean did 
not state either the roughness of the heating surface or 
the technique used to prepare the surface. They obtained 
their data by carrying out a series of constant-rotational- 
speed-variable-power-input tests whereas the present data 
were obtained using fixed-power-input-variable-speed tests. 
The advantage of the present test procedure is that the 
fixed-power-input-variable-speed tests enable each curve 
of AT versus RPM to be obtained in a minimum time with 
minimum disturbance (aging, etc,) to the test surface,
Nicol and McLean claimed that the surface of the test sec­
tion was cleaned before each test run, however, they did 
not state whether the degrees of the cleanness of the 
heating surface for all test runs were identical. Since 
they performed their experiment at a constant speed by 
varying the power input to the test section, each of their 
AT-RPM curves for a particular heat flux, as shown in 
Figure 4, was not a continuous plot based on one series of
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test run but based on the combination of all series of test 
runs. If the surface of one of the test runs has a signifi­
cant different degree of cleanness from those of the rest 
then it may easily cause a dip or bulge on all of the a T- 
RPM curves. Nicol and McLean postulated that this pheno­
menon was due to differences in the behaviour and genera­
tion of bubbles at the seams of the copper strips covering 
the thermocouple lead wires.
In order to facilitate a comparison of the present re­
sults with those for non-boiling forced convection from a
1 /q
rotating cylinder, a plot of Nu/(Pr) versus rotary Rey-
2
nolds number y  ) was made. Figures 26 and 27 show these
31results along with the curves of Anderson and Saunders^ ,
32
and of Becker which represent the lower and upper limits 
of the existing correlation equations respectively. The 
experimental data, based on the liquid properties evaluated 
at the saturation temperature, are in reasonable agreement 
with the equation
. 2 / 3  1 / 3
Nu * 0.12(Re) (Pr)
in the non-boiling forced convection region. This equation 
is identical in form to the equations given by Anderson and 
Saunders and by Becker for properties evaluated at the mean 
film temperature,
A transition region between the boiling and non-boiling 
forced convection may be defined in terms of a critical
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rotating Reynolds number, Rec , as that Reynolds number where 
the non-boiling forced convection correlation equation yields 
a value of Nu equal to that obtained for stationary boiling. 
Thus
Re = Nus.b.
3/2
O.iaCPr)1^
where NuSob, is the Nusselt number based on the cylinder 
diameter for stationary boiling and where all physical pro­
perties are evaluated at the saturation temperature.
From Figures 26 and 27, it is noted that the Nusselt 
number is almost independent of the Reynolds number up to 
approximately 35% of the critical Reynolds number. Beyond 
this range the curves start to pitch upward and show a 
tendency to gradually approach the non-boiling convection 
curves as speed increases. The smooth transition is essen­
tially complete when the Reynolds number is equal to approxi­
mately 135% of the critical Reynolds number, the point when 
boiling has completely ceased. After the cessation of 
boiling, the heat transfer rate will be influenced solely 
by the Reynolds number. This can be shown by the excellent 
correlation between the data and the curves of Anderson and 
Saunders, and of Becker in Figure 27.
To determine the effect of evaluating the liquid pro-
i/3perties at various temperatures, Nu/(Pr) and Re were also 
calculated based on the mean film temperature in the non­
boiling forced convection region. The plot of these
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points reveals a general trend that each point is shifted 
slightly upward and to the right from the point evaluated 
at the saturation temperature. For example, for boiling
1/3
R-113, "the values of Nu/(Pr) and Re based on properties 
evaluated at the film temperature are 5 % and 9% respectively 
greater than that evaluated at the saturation temperature 
for the maximum temperature difference of 15°F between the 
saturation and film temperatures at the highest (1 5 0 0 -watt) 
heat input. For boiling water, these percentages are 1% 
and respectively arising from a temperature difference 
of ?°F. No significant change in the position of the re­
sulting forced convection curves was observed.
Figure 28 shows part of the water-copper boiling curves 
on enlarged scale. It indicates that the transition region, 
between boiling and non-boiling forced convective heat 
transfer, occurs approximately between 0,35(Rec) and
1.35(Rec), Within this transition region, bubble size and 
frequency reduce as rotary speed increases for the same heat 
flux. This phenomenon can be clearly observed from the still 
pictures, Figures 2 9  through 31* and high-speed motion pic­
tures taken at various speeds and at various heat flux den­
sities.
Due to structural considerations the speed of the ro­
tating cylinder was limited to 2000 rpm. As a result only 
those curves (Figure 28) for water-copper at various heat
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fluxes clearly show the merging of boiling curves into the 
non-boiling convection curves as the rotary speed increases,
o  n
In view of the fact that Nicol and McLean found that 
a maximum boiling heat transfer coefficient occurred at 
approximately 1 5 0  rpm for a heated copper cylinder rotating 
on its axis in water, high-speed photography was originally 
planned to illustrate any changes in the bubble shape and 
behaviour near this rpm. However, since very little change 
in heat transfer has been observed in the present study9 
the high-speed motion pictures taken during the course of 
the experimentation serve only to show how the bubble po­
pulation and frequency gradually decrease with higher cy­
linder speeds.
Based upon the preceeding observations the following 
conclusions may be drawn:
a „ Low speed range (Re<Q,B5Rec ) -
Since the rotary speed of the heating surface 
about its own axis has no significant effect on 
its heat transfer rate at lower rpm,.- existing 
correlations for boiling heat transfer from a 
stationary surface may be used to predict the 
Nusselt numbers. Thus all factors which influence 
stationary nucleate boiling are significant in this 
region.
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b. Intermediate speed range ( 0 0 35Re <C R e <  1, 3r>Rec ) -
A smooth and gradual transition occursi between 
the low and high speed regions. As the speed in­
creases the vigor of the ebullition gradually re­
duces until boiling completely ceases.
c „ High speed forced convection range (Re>l,33Rec) -
In this speed range the boiling phenomena no 
with
longer exists,A the heat transfer rate being influ­
enced solely by the Reynolds number. The excellent 
correlation between the data of this investigation 
and those of Anderson and Saunders, and Becker has 
proved that an equation of the form of
Nu = 0o12(Re)2//3(Pr)1//3
may used to predict the heat transfer rate in a very 
high speed range when boiling has completely ceased.
A comparison between Equations (2-8) and (2-1^), the
37data of Seban and Johnson for non-boiling convection 
from a rotating cylinder, and the results of the present 
study for boiling heat transfer from a horizontal cylinder 
rotating in water is given in Figure 32. For Reynolds 
numbers above about 3000, Seban and Johnson's data compare 
excellently with Becker's correlation. Below this value 
the rather high measured Nusselt numbers indicate thepre-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
sence of free convection effects. Figure 32 also provides 
evidence of a similarity between the relationship of free 
convection and forced convection and the relationship of 
boiling and non-boiling forced convection on heat transfer 
from a rotating cylinder,
5.3 EFFECT OF TEST SECTION GEOMETRY
The heat transfer coefficient is independent of geo-
51metry in fully developed nucleate boiling . However,.in 
the transition region between free convection and fully 
developed nucleate boiling the geometry may have some effect 
on the heat transfer coefficient,, For the 500-watt heater 
input, the coefficient of boiling heat transfer of a hori­
zontal copper cylinder at rest in water of the present in­
vestigation was found to be 1300 B .t,u,/hr-ft-°F0 However, 
for the same power input and cylinder configuration the heat 
transfer coefficient of free convection around horizontal 
cylinder was found to be 180 B.t0u./hr-ft-°F which was about 
seven times less than that of the present study. Therefore, 
we may concluded that all experimental data of the present 
investigation are in the fully developed nucleate region 
and consequently all heat transfer coefficients are inde­
pendent of test section geometry.
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5.^ SUPPRESSION OF NUCLEATION
There are two similar phenomena of nucleation suppres­
sion in flow boiling, namely, (a) suppression of boiling by 
forced convection vaporization in high void annular flow 
and (b) the incipience of flow boiling. Attempts have been 
made to find out if there is any relationship between the 
suppression of boiling of the present study and those for 
flow boiling.
Based on the observed data of mass flow rate and qua­
lity for steam in high void annular flow, there are a few 
equations proposed by various investigators, such as Wright,
f l 1
Collier and Pulling, and Chen which may be used to pre­
dict the point when boiling is suppressed. However, a 
comparison between these equations and the present results 
can not be made because data on mass flow rates and quality 
were neither available nor relevant in the present study.
Several investigators * ^ have attempted to predict 
the point of incipient flow boiling by assuming that this 
occurs when the bubble equilibrium temperature, given by
ATt= g v & g -
where v^ -g is the specific volume of evaporation, is equal 
to the boundary temperature at the top of the bubble.
This was determined by finding the point of tangency of the 
bubble equilibrium temperature curve with the liquid boun-
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dary layer temperature distribution curve, assumed here as 
a straight line of slope equal to
= 0<12 (R e )2/ 3(P r )1/ 3 ( f i ) .
dy y=0 D
This slope expression is based on the forced convection 
correlation for a rotating cylinder.
This technique was used to estimate the rpm required 
to suppress nucleation for the three test heat fluxes. The 
analysis yielded the following results:
Heat Flux Density RPM RPM
(B.t.u./hr-ft2 ) (Observed) (Predicted)
26200 1?00 8400
17400 l4oo 5700
8700 1000 2900
In an effort to bring the predicted rpm into closer 
correspondence with the observed rpm, the constant in the 
bubble equilibrium temperature curve was varied. Although 
any individual prediction could be made exact by this pro­
cedure it was found that the ratio of the three predicted 
rpm values was unaffected and hence the other two predicted 
values remained in disagreement with the corresponding 
observed rpm0 Based on this analysis it may be concluded 
that this technique does not provide a satisfactory means 
of predicting the boiling suppression rpm for a rotating 
cylinder.
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5.5 EFFECT OF SURFACE MATERIAL
For nucleate boiling where microlayer evaporation is the
30
controlling mechanism, Sharp has advocated that surface
material with higher values of k/R should have better heat
transfer characteristics„ The experimental results of
3Agarwal and Hsu for boiling FC-75 liquid with nickel and 
platinum surfaces and those of the present investigation 
for boiling water and R-113 with brass and copper surfaces 
show that this relationship is not universally valid for all 
nucleate boiling systems. The physical properties of these 
metals are listed in Table VII for comparison. Further in­
vestigations should be conducted in order to determine the 
influence of the physical properties of the surface material 
on the heat transfer characteristics of a solid-liquid inter­
face in nucleate boiling.
Since it has been found by several other investiga- 
tors'^*'^ that brass surfaces have better boiling heat 
transfer characteristics than copper surfaces, it is sug­
gested that a study also be made regarding the feasibility 
of using brass rather than copper heating surfaces in com­
mercial boiling heat exchangers.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER VI 
CONCLUSIONS
This experimental study on boiling heat transfer from
a rotating cylinder with heat fluxes in the range 8000 to
2
26000 B.t.u,/hr-ft led to the following conclusions:
lo When a heated circular cylinder is rotated in a
liquid at its saturation temperature, the thermal behaviour
of the system falls into one of three distinct regions which
may be defined in terms of a critical Reynolds number,
3/2
Rec=
Nus,b,
T730,12(Pr)
The regions are as follows:
a . Boiling heat transfer region (Re<0,2SRec ) -
In this region the heat transfer is almost 
independent of speed of rotation,, Existing 
correlations, such as Rohsenow, Zuber and 
- Forster, etc., for boiling from a stationary 
surface with the same kind of liquid-surface 
combination may be applied to predict the heat 
transfer characteristics.
No significant improvement in the heat 
transfer coefficient as a result of rotation,
6 5
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such as that observed by Nicol and McLean at 
a rotational Reynolds number of approximately 
1 ^ 5 0 0  for water boiling on a similar copper 
cylinder, was observed,
b. Transition region (0.3^Rec< R e <  1.35Rec ) -
In this region the heat transfer is in­
fluenced both by the boiling process and the 
forced convection due 'to the cylinder rotation. 
All boiling curves smoothly and gradually merge 
into the forced convective heat transfer curves 
as the speed increases while the vigor of the 
ebullition gradually reduces until the boiling 
process completely ceases0
c , Non-boiling convection region (Re>1.3t)Rec) -
In this region boiling does not occur, 
all heat being removed from the surface by 
forced convection0 The present experimental 
results in this region have been found to 
compare very well with the correlations of 
Anderson and Saunders and of Becker, Thus 
Nu = 0.12(Re)2//3(Pr)1//3 
may be used to predict the heat transfer 
coefficient in this region.
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2. In the nucleate boiling region studied, when boiling 
the same liquid under similar conditions the brass heating 
surface was found to have a better heat transfer coefficient 
than the copper surface with the same degree of finish. This 
contradicts the findings of Sharp who claimed that surface 
materials with increasing k/fo improve the boiling heat 
transfer characteristics of the solid-liquid interface,
3o The values of "Csf" and "r" in the Rohsenow equation 
for boiling from a stationary cylinder for the brass - R-113 
combination were found to be 0 , 0 0 2 5  and 0.414 respectively,
4„ Variations of the local Nusselt number around the 
circumference of a submerged cylinder of as much as 20% 
were observed during the stationary nucleate boiling tests. 
The Nusselt number was always found to be the least at the 
top of the cylinder.
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Fig, 1 Hysteresis effect in boiling (Corty & Foust**
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Fig. 26 Heat transfer from rotating horizontal cylinder (brass surface)
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Fig, 27 Heat transfer from rotating horizontal cylinder (copper surface)
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Fig. 28 Heat transfer from rotating horizontal cylinder (water-copper combination)
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Fig, 32 Comparison between boiling and non-boiling heat transfer from a
rotating_ horizontal cylinder
TABLE I Values of G f for Rohsenow correlation (Eq0 2-
with r = Oo33
Combination Cgf ”s”
Water - platinum 0.013 1.0
N-pentane - chromium 0o015 1.7
Water - copper 0.013 1.0
Water - brass 0.006 l o0
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TABLE II Physical properties of R-113 and water
R-113* Water**
Boiling point at 1 atm. (°F) 117.63 212.00
Density, liquid at B. P. (lbm/ft ) 94.25 59.80
Density, saturated vapour at B. P. 
(Ibm/ft3)
0.461 0.0373-
Specific heat, liquid at B. P. 
(B0t.u./lbm- F)
0 . 2 2 5 I.OO6 9 7
Heat of vaporization at B. P. 
(B.t.u,/lbm )
6 3 . 1 2 970.3
Thermal conductivity at B. P. 
(B.t.u./hr-ft-°F)
0.04 0.393
Viscosity, liquid at B. P. 
(lbm/ft-hr)
1.2 0.688
Surface tension at B 0 P. (lb^/ft) 0 . 0 0 1 0 9 0.00403
■^Information furnished by Du Pont of Canada (Tech . Bulletin :
^Information obtained from Keenan and Keyes' "Thermodynamic 
Properties of Steam" and Lange's "Handbook of Chemistry0"
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
108
TABLE III Chemcial Composition of Alloys*
Allov Number Material Chemical Composition
110
122
360
260
Hard copper rod 
Hard copper tube
Brass rod 
Brass tube
Copper 99.9$ minimum
Copper 99 0 9% minimum 
Phosphorous 0,015-0,0^0%
Copper 61„5%
Zinc 35*25%
Lead 3*25%
Copper 70.0%
Zinc 30.0%
^Information furnished by American Brass & Copper Co„
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TABLE V Estimated end conduction loss through the stainless steel shaft
Run No, Liquid Surface Heat Input RPM End Conduction Loss
(watts) through
_______  ______  _______  ___________ _____  S.S. shaft (%)*
51.02 R-113 brass
51.22 R-113 brass
1505
4 9 5
1000
1013
1.0
1.3
53.02 water brass
53 < > 1 5 water brass
1505
500
1035
1210
1.7
2.7
57.02 R- 1 1 3  copper
57.22 R - 1 1 3  copper
1509
500
1250
1304
0.7
1.2
6 0 . 0 2  water copper
60o12 water copper
1511
504
1570
1820
1.7
2.5
*See Section (B) of Appendix VI "Sample Calculations",
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TABLE VI Values of "Csf'\ Ms"t 4,r‘ 
equation (Eq. 2-18)
Surface-Fluid.
Combination "s’* "r"
Copper-water 1.0 0.642
Copper-water 1.0 0.33
Copper-water 1.7 0.20
Copper - R-113 1.7 0.38
Copper - R-113 1.7 0.200
Copper - R-113 1.7 0.33
Brass-water 1,0 0,220
Brass-water 1,0 0.33
Brass - R-113 1.7 0.414
and correlation coefficient of Rohsenow
Coeff, of 
"C„f" Correlation
0.017 0.996
0.013
0.0112
0.0037 0.993
0.0059
0.007
0*0045 0.78
0,006
0.0025 0.990
investigators_____
Tang
. 49 
Piret & Isbin
64
Lippert & Dougali 
Tang
64
Lippert & Dougali 
Blatt & Adt"^
Tang
Cryder & Finalborgo^^ 
Tang
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TABLE YII 
Material
Brass
Copper
Nickel
Platinum
■*From Hsu, S
k/foL for various boiling surfaces at 68°F*
Thermal Thermal k
Conductivity Diffusivity /SL
(k) id.)
3,t,u,/hr-ft- F ft /hr _____
6 1 , 8  1 .1 ^ 0  5 7 , 9
2 2 3  o 0  3 . 9 9 5  1 1 2 . 0
5 3 . 7  0 , 9 0 0  5 6 . 6
^ 0 .5 - 0 , 9 6 2  41,2
. T., ENGINEERING HEAT TRANSFER, D. Van Nostrand 
(1963).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
113
APPENDIX I 
LIST OF EQUIPMENT AND INSTRUMENTATION
1. Automatic Line Voltage Regulator. Type 1570-AS8, 115V,, 
50A., Regulator Unit and Control Unit, Serial No, 3^3» 
General Radio Company, Cambridge, Mass,, U, S« A,
2 « Voltmeter. Model ELi, 0-130 V 0, Single Range, Serial
No, 63004, Accuracy 0.5 %, Conway Electronic Enterprises, 
Weston, Ontario, Canada,
3o Voltmeter. Model ELi, 0-250 V., Single Range, Serial
No, 4248465, Accuracy 0.5%» Conway Electronic Enter­
prises, Weston, Ontario, Canada.
Ammeters, Model ELi, I-5 -IO A,, Triple Range, Serial 
No. 6504061 and 6504070, Accuracy 1%, Conway Electronic 
Enterprises, Weston, Ontario, Canada,
5. Autotransformer. VARIAC, Type W50H, 0-240 V. Range,
25 A 0, General Radio Company, Concord, Mass„, U 0 S. A,
6 . SCR Drive Motor, 3/4 h.p0, D, C„, 1750 rpm, Serial No 0
7309» Dodge Manufacturing Corp., Mishawaka, Ind0,
U. S. A.
7. SCR Control. Model 100 A 0, 115 V„, Dodge Manufacturing 
Corp., Mishawaka, Ind., U„ S. A 0
8 0 Packaged Sliprings. Model SR 10M, 10 Circuits, Serial
No, 188, Michigan Scientific Corp0, Milford, Michigan,
U. S. A.
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9. Autotransformers, VARIAG, Type W10MT3, 0-lAO V,, 10 A 0, 
General Radio Company, Concord, Mass., U 0 S, A.
10. Cartridge Heaters. Chromalox, 200 V„, 2000 W 0, 1? inch 
diameter, Edwin L, Wiegand Company, Pittsburgh, Pa.,
U 0 S , A .
11. Immersion Water Heaters. 110 V 0, 1000 W., Knight Indus­
trial Limited, Hamilton, Canada.
12. Multipoint Recorder. ELECTRONIK, Type 153, Model-No. 
153x62-pl6“11-111-60, 0-300°F Range, Minneapolis-.
e
Honeywell Regulator Company, Philadelphia, Pa., U 0 S 0 A.
13. Pressure Gauge, 30 in. Hg,-0-100 psig, Compound, 2 in. 
dia,, Marsh Instrument Company, Skokie, 111., U, S. A.
1^ -, Multipoint Recorder. Model 6702, Type T, 0-510 F Range,
Serial No, 203^1?, 115 60 Cycles, Daystrom-Weston
Industrial Div0 Poughkeepsie, N. Y., U 0 S 0 A.
15. Manometer. Standard Cleanout, 3 6  in0 C, 0 0, The Meriam
Instrument Company, Cleveland, Ohio, U, S 0 A,
16, Thermocouple Rotary Switch, Type UPMF 20/2, 20 Circuits, 
Thermovolt Instruments Limited, Toronto, Canada.
1?« Potentiometer, Model No0 27^5, Rubicon Instruments,
Minneapolis-Honeywell Regulator Company, Philadelphia, 
Pa., U. S. A.
18 0 High-Speed Camera. Model K2001R, HYCAM, with RLLE-A
lens, Red Lake Laboratories, Inc0, Santa Clara, Calif,, 
U. S. A,
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19. Autotransformer. Powerstat, Model RL2 3 6 -IMM, 120 V 0 
Input, Red Lake Laboratories, Inc., Santa Clara,
Calif„, U. S, A 0
20„ Timing Light Generator. Model RLTLG-3DC, 0-10-100-1000 
e.p.So, Red Lake Laboratories, Inc0, Santa Clara,
Calif., U. S. A.’
21. Exposure Meter. Model RLEM-1, Red Lake Laboratories,
Inc., Santa Clara, Calif., U 0 S 0 A.
22. Lighting Kit. Model PAC650Q4, Red Lake Laboratories,.
Inc., Santa Clara, Calif,, U, S. A,
23® Profilometer. Type QA Amplimeter (Model 6 , Serial 5484), 
Type V Motortrace (Model 21, Serial 4118, Tracing Speed 
0.30 in 0 /sec.), 115 V 0, 60 Cycles, Micrometrical Manu­
facturing Company, Ann Arbor, Michigan, U. S„ A.
24. Sliprings. Copper, Central Shop, University of Windsor, 
Windsor, Ontario, Canada.
25. Automated Ice Point Reference Unit. Model 80020-6,
110-115 VAC, 0,00°C to +0.05°C Accuracy, Thermo 
Electric (Canada) Limited, Brampton, Ontario, Canada.
26. Thermometer. 66-80 F (0.2 F Division), CENC0, U, S, A.
27. Filter-Drier, Catch-All, Type C- 0 5 2 , Refrigerant-113, 
Sporlan Valve Company, St, Louis, Mo., U, S. A,
28. Thermocouple Welder. KUP-L-WELD, Cat. No„ 73-075, 115 V., 
Burrell Corp., Pittsburgh, Pa., U, S. A.
29. Camera. Still, Model SR-7, Minolta, Japan.
30. Speed Indicator. Type B, 0-2000 rpm Range, Hasler-Tel 
Company Inc., New York, N, Y 0, U„ S 9 A.
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(a)
Note
APPENDIX II
SPECIFIC SERIES OF TEST RUNS FOR EACH LIQUID-SURFACE COMBINATION 
Stationary. Constant Heat Flux, Variable Cylinder Orientation Tests
Run No.:- 51 5 3  5 7  60
Liquid-Surface Combination:- R-113 - Brass- Water-Brass R-113 -Copper Water-Copper
Power Input (Watts):-
1 5 0 0  X X X X
1250 X X
1000 X X  X X
750 X X
500 X X X X
1000 X X X X
1500 X X X X
1000 x
5 0 0  X
For each power setting, four orientation positions (0°, 90°, 180°, 2?0°) of the 
heater surface thermocouples were tested.
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APPENDIX II
SPECIFIC SERIES OF TEST RUNS FOR EACH LIQUID-SURFACE COMBINATION 
(b) Constant Heat Flux. Variable Speed Testss
Liquid-Surface Combinations- R-113 - Brass Water-Brass R-113 “ Copper Water-Copper 
Speed (rpm)«-
1750
1500
1250 X X
X*
x*+
X
1000 X x+ x+ X
750 X X X x+
500 x+ x+ x+ X*
250 X X X X
150 X X X X
100 X X X X
50 X . X X X
0 X x+ x+ x*+
Note: For each liquid-surface combination, three power setting, 500, 1000 and 1500
watts, were tested.
^Indicates still pictures taken at 500, 1000 and 1500 watt heater power settings0 
+Indicates high-speed motion pictures taken at selected heater power settings.
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COMPUTER PROGRAMME
C TANG, SHIH-I, DEPARTMENT OF MECHANICAL ENGINEERING
C BOILING HEAT TRANSFER OVER A ROTATING CYLINDER
OI MENS I ON RN(200) ,RPM(200) ,TRM(200) ,TS(200 ) ,T5(200) , T6 (200 ) ,
1 T7 ( 2O0 ) , T8 I 200 ) , WATT*( 200 ) ,QA(200) ,TW(200) ,DELT(200) ,TW5<200) ,
1TW6(200) » TW7<200) ,TW8 < 200) ,AMP(200) ,VOLT(200) ,COND(200)
DI MENS ION X(200) ,Y(200) ,X1 (20 0) ,Y1 (200) ,CX(200) ,CY(200)
DI MENS I ON T1 (200) ,T2 <200) , T3 (200) ,T4(200) ,XX(200 ) ,YY(200) ,ZZ(200 
DIMENSION NAME(20) ,TC1 (200) ,TC2(200) ,TC3(200) ,TC4(200) ,
1TC5(200) ,TC6(200) ,TC7(2C0 ) ,TCB(200)
DIMENSION TT(10,34)
COMMON TT
REAL !<T ,!<R,L , !<T5,KT6 , KT7 , KT8 ,NU , KR 1 , KR2 , KR3 , KR4 , KT67 ,KR23 
REAL K T56,KT12,KT OT 
CALL TREAD
PR I NT 1000
PRINT 7
7 FORMAT (//)
PR I NT 8
WR I TE (7,8)
8 FORMAT (2X » 54HAPPEND I X II EXPE
1LTS///)
20 1 READ 11, N,TSS
1 1 FORMAT (5X,13,27X,F10•0)
READ 7000, (NAME(I),I=1,20)
7000 FORMAT ( 2 0 A 4 )
PRINT 6000, (NAME(I),1=1,20)
WR I TE (7,600 0) (NAME( I ) ♦ I = 1 ,20)
6000 FORMAT (20A4/)
1 000 FORMAT ( 1 H 1 )
PRINT 75, N,TSS
WR I TE (7,75) N,TSS
75 FORMAT (2X,2HN=12, 1 OX,28HAVERAGE
PRINT 1 2
WR I TE (7,12)
1 2 format (2X,24H(A) EXPERIMENTAL i
WR I TE (7,708)
PRINT 15
708 FORMAT (2X,6HRUN NO,2X,3HRPM,2X,
AND CALCULATED RES
BOILING TEMPERATURE=F6.1/)
DATA— /)
4HT7MV,2X
5HVOLTS,IX,4HAMPS,2X,4HTSMV,2X* 
4HT6MV,2X,4HT5MV,3X,2HT4*4X,2HT3,4X,2HT2,4X,14HT8MV,2X■
1 2 H T 1 / >
15 FORMAT (2X,6HRUN NO,2X,3HRPM,2X,5HVOLTS, 1X,4HAMPS,2X,4HTSMV , 2X , 
14HT8MV,2X,4HT7MV,2X,4HT6MV,2X,4HT5MV,3X,2HT4,4X,2HT3,4X,2HT2,4X, 
12HT1 ,3X,3HTRM, 1X , 5HTRMMV,2X,4HTSMV/)
DO 1 1 1 I = 1 , N
40 READ 3 0,. RN ( I ) , RPM ( I ) , VOLT ( I ) , AMP ( I ) , TSM V , T8MV , T7MV , T6MV * T5M V * 
1 TRMM , TRMMV , T 4 ( I ) ,T3( I ).,T2( I ) , T 1 ( I ) « T S 1 M V
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30 FORMAT (9FS.Q/8X»7F8.0)
WRITE (7.707) RN( I ) ,RPM< I ) .VOLK I ) .AMP( I ) »TS1MV.T8MV » T 7MV »T6MV. 
1T5MV.T4(I).T3(I).T2(I).T1(I)
707 FORMAT ( 1X,F7.2 *F6.0,F6.1 .F5 . 2.5F6.3.4F6.1 )
PRINT 16. RN ( I ).RPM( I ) * VOLT ( I ) ♦ AMP ( I ) .TS1MV..T8MV. T7MV * T 6M V »
1T5MV.T4(I).T3(I)iT2(I),T1(I).TRMM.TRMMV.TSMV 
16 FORMAT (1X.F7.2.F6.0.F6.1.F5.2.5F6.3.4F6.1.F5.1.2F6.3)
C CORRECTION FOR ROTARY SWITCH
CORR=.003
C CORRECTION FOR MV INCREASE THROUGH SWITCHES
COR=TSMV—TS1MV 
T5MV = TSMV—COR + CORR 
T6MV=T6MV—COR+CORR 
T7MV = T7MV—COR+CORR
T8MV = TQMV — COR + CORR ' .
TSMV=TSMV-COR+CORR 
TRMMV = T RMMV+CORR 
C MILIVOLT AND TEMPERATURE CONVERSION SUBROUTINE
CALL TCAL (T5MV.T5CI))
CALL TCAL (T6MV.T6(I)>
CALL TCAL <T7MV.T7(I))
CALL TCAL (T8MV,T8< I ) >
CALL TCAL (TSMV.TS(I))
CALL TCAL <TRMMV.TRM< I ) )
C AVERAGE OF T5. T6, T7, AND T8
PL3.1416 
DC =1 ./I 2.
RC =DC/2•
R1=.35/12.
D0=1.125/12.
D5 =(1.125-.050)/12.
R5 = D5/2.
R0=D0/2•
L=8•/12•
XATOT =PI *( ( .5625*.5625)-( .25* .25) )/144.
XAIT=PI*((.5*.5)-(.25*.25))/144.
XAOT=PI*((.5625*.5625)-(.5*.5))/144.
AREA = PI*DO*L
WATT(I)=VOLT<I)*AMP(I)
Q = WATT( I )* 3.414
QA(I)=Q/AREA
TA V5 = 5 ./9 . * ( T,5 ( I )—32. )
TAV6=5»/9»*(T6( I )—32. ) .
TAV7=5./9.*(T7(I)-32.)
TAV8=5./9.*(T8<I)-32.)
TAVE=(T5<I)+T6(I)+T6(I))/3.
TAV=5./9.*(TAVE-32.)
T15=(T1 ( I )+T5< I ) )/2 .
T26=(T2( I ) +T6( I ) )/2 .
TA1 2= ( T 1 (.1 )+T2 < I ) )/2.
TA12-5./9.*(TA12-32.)
TA23=(T2(I)+T3(I)>/2.
T A23= 5./9.*(TA23-32. )
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TA67=(T6(I>+T7(I))/2.
T A67 = 5•/9•*(T A 6 7—3 2• )
T1 1=5./9.*( ( ( T 1 ( I >+T5 ( I ) > /2. )-32. > 
T22=5./9.*(((T2(I)+T6(I))/2.)-32.) 
T33=5./9.*(((T3( I )+T7( I ) )/2. )-32. )
T4 4 = 5 »/9•*( ( (T4( I )+TS( I ) )/2. )-32. )
IF (RN(I)—57•) 58,58,59
58 CONTINUE
KR1=.258*(1.+(.00127*(T11-20.)))*241.9 
KR2= • 258* ( 1 .  +  < •  0 O 1 2 7* (. T 2 2 —2 0 •  ) ) >*24 1 .9 
!< R 3 = • 2 5 8 * ( 1 . + ( .00127 *( T33—20. ) ) >*24 1 .9 
!<R4=.258*( 1 . + < .00127*( T44-20. ) ) ) *241 .9 
l<R12=.258*< 1 . + ( .00 127* (TA 12-20. ) ) )*24 1 .9 
KT56 = • 29*( 1 • + (.0 01 13*(T AV -20. ) ) )*241 .9 
!<R23'= . 258* ( 1 . + ( . 001 27* ( TA23-20. ) ) ) *24 1.9 
l<T67=.29*( 1 . + ( .00 1 13*(T A67—20• ) ) )*241 .9 
KT=•290*( 1 . + ( .001 13*(T AV—20. ) ) )*241 .9 
KR=•258 *( 1 .+ ( .0 0127*(T AV—20. ) ) )*241 .9 
KT5=.290*(1.+(.00113*(TAV5-20.)))*241.9 
KT6=•290*( 1 . + ( .0Oi l 3*(TAV6—20. ) ) )*241 .9 
KT7 =•29 0*( 1 . + ( .001 13*(TAV7-20. ) ) )*241 .9 
KTQ=.29 0*(1.+(.001 13*(T AV8—20• ) ) )*241.9 
GO TO 4 1
59 CONTINUE
!<R1-.916*( 1 • — ( » 0 000 4* ( T 1 1-20. ) ) >*24 1 .9 
KR2=.9l6*(1.-<.00004*(T22-20.)))*24 1.9 
KR3=.9 16*(1.-(.00004*(T33-20.)))*24 1.9 
KR4=•916*( 1 .-( •OO004*(T44-20. ) ) )*241 .9 
KR12=.916*( 1 • — ( .00004*(TA12-20. ) ) >*241 .9 
!<T56 = .0 1 *( 1 . + ( . 0004 9* ( TAV -20 . ) ) ) *24 1 .9 
KR23=.916*(1.-(.00004*(TA23-20.>))*241.9 
KT 67 ~ • 8 1 * ( 1 . + ( . 0 004 9* ( TA67-20. ) ) ) *2.4 1 .9 
KT=.810*( 1 . + ( .0 0049*(TAV -20. ) ) )*241 .9 
KR=.916*(l.-(.0O004*(TAV -20.)))*241.9 
l<T5= .81 0*< 1 . + ( .00049* ( TAV5-20 . ) ) ) *24 1 .9 
KT6=.31O*( 1 . + ( .00049*(TAV6-20. ) ) > *241.9 
KT7=.310*( 1 . + (.00049*< TAV7-20 . ) ) ) *241 .9 
KT8=.810*( 1. + < .00049*(TAV8-20. ) ) )*241 .9
41 CONTINUE
TW5(I>=T5CI>-((Q/2./PI/L/KT5)*(ALOG(R0/R5)> 
TW6<I)=T6(I)~((Q/2./PI/L/KT6)*(ALOG(R0/R5)) 
TW7 ( I ) =T7 ( I > - ( (Q/2./P 1 /L/KT7 > * ( Al.OG ( RO/R5 > > 
TW8(I)=T8<I>-((Q/2./PI/L/KT8)*(ALOG(R0/R5)) 
TC1 ( I )=T1 ( I )~ < (Q/2./P1/L/KR1 )*(ALOG(RC/R1 ) ) 
TC2 ( I ) ~T2 ( I > - ( (Q/2. /P I /L/KR2 > * ( Al.OG ( RC/R1 ) ) 
TC3 ( I ) - T 3 ( I >-( (Q/2./P 1 /L/K.R3 ) *(ALOG ( RC/R 1 ) ) 
TC4( I > = T4( 1)-( (Q/2./P1/L/KR4)*(ALOG(RC/R1 ) ) 
TC5( I )-T5( I ) + ( (Q/2./P1/L/KT5> *(ALOG< R5/RC) ) 
TC6( I 5 =T6( 1 ) + ( (Q/2./PI/L/KT6)*(ALOG(R5/RC) ) 
TC 7( I )=T7( I > + ( (Q/2./P1/L/KT7)*(ALOG(RS/RC) > 
TC8 (.1 ) = T8 ( I > + ( (Q/2./P I /L/KT8 ) * ( ALOG ( R5/RC ) ) 
KTOT=(KT56*XA0T/XAT0T) + (KR12*XA IT/XATOT)
C O ND 2 = X A IT*KR23*(T2( I )-T3( I) )* 12./1 .5
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COND1=XA0T*KT67*(T 6( I )-T7(I))*12./1.5 
CONO ( I ) =CONL) 1 +C0N02
TW(I)=TAVE-<(Q /2./PI/L/KT)*(ALOG<R0/R5)))'
DELT < I ) =TW( I )-TSS 
IF (T8(I)—100.) 2»2t3
2 CONTINUE
T W 8 ( I ) = 0 • 0 
T8(I)=0.0 
TC8(I)=0.
3 CONTINUE
1 1 1 CONTINUE *
9 FORMAT <//>
DO- 202 I=liN 
IF (TSS—180,) 51.51,54
51 CONTINUE 
C PHYSICAL PROPERTIES OF R-113
CL=.2205+(.0285/1OO.*(TSS-100.))
THCOL=.041 -(.041-.035)*(TSS-100.)/80. .
V ISCL=( .4 97-< (TSS-120. )*( .55 4-.4 97)/2 0. ) )/100.*.0673*3600*
DENV=.4489+((.4649-.4489)/2.*(TSS-116.))
HFG=63.25-<<63.25-62.09)/2.*<TSS-116.))
DENL= 1 03.555- ( 0 . 071.26*TSS )-(. 0000636*TSS*TSS )
SURTL =(249.6*(DENL-DENV)*.016 02/187.39)**4*2.2481/( 10.**6*.03281 ) 
TL = T SS+459.6
PS=10.**(33.0655-(4330.98/TL)-<9.2635*•4343*AL0G(TL))+.0020539*TL 
TH=TW(I)+459.6
PW =1O.**(33.0655-(4330.98/TH)-(9.2635*.4343*ALOG(TH))+.0020539*TH 
DELTP=(PW-PS)*144.
GO TO 53 
54 CONTINUE
C PHYSICAL PROPERTIES OF DISTILLED WATER
CL =( .012/60.*(TSS—2 10. ) ) + l.0 05
SURTL=(58.85+((60.75-58.85)/18.*(212.-TSS))5*2.2481/ 10.**6/.0328
THCOL=•393+((.395-.393)/10.*<TSS-210.5)
V ISCL =.69—( < .69-.65)/10.*(TSS-210. ) )
DENV=I./(27.82-((27.8 2-26.80)/2.*(TSS-210.)))
HFG=971.6-((971.6-970.3)/2.*(TSS-210.))
AV=-.3151548 
TC = 374. 11
3V=-1.203374/10.**3.
CV=7.48908/10.**13.
DV=.1342489
EV=-3.946263/10.**3.
TF=5./9.*(TSS—32.)
VC = 3• 19 75
VS=(VC+(AV*< TC-TF)**( 1 ./3. ) ) + (BV*(TC-TF) ) + (CV* < TC-TF)**4.) >/
1<1.+(DV*<TC-TF)**<1./3.))+<EV*(TC-TF)>)
DENL=1./VS*10.**2.*2.204/3.5314
PC=218.167
TC=647.27
A=3.346313
B=4.14 113/10.**2
C=7.5 15484/10.**9
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D=1.3794481/10.**2 
E = 6.56444/10.**1'1 
AP=3.2437814 
BP=5.86826/10.**3 
CP=1.1702379/10.**8 
DP=2.1878462/10.**3 
TT2=5./9.*(TSS-32.)
TTT2 = TT 2+273.16 
X2=TC-TTT2
FP=(AP+(BP*X2)+(CP*X2**3))/(!.+(DP*X2))
P2=PC/10.**(X2*FP/TTT2> ’
P S = P 2 * 14.696
TT 1 = 5 • / 9 • * ( TW ( I ) —32 . )
TTT1=TT1+273.16
X3=TC—TTT1 _
F = (A + ( 3 * X 3 )+(C * X 3 * * 3 )+(E * X 3 * * 4 ) ) / ( 1 . + ( D * X 3 )) ' ■
PI= P C / 10.**(X 3 / T T T 1*F> '
P W = P 1 * 1 4 . 6 9 6  ■
DELTP=(PW-PS)*144.
53 CONTINUE
DELTP^DELTP/l44.
U=PI*DO*RPM(I)*60.
NU=DO*OA(IJ/THCOL/DELT(I)
PR=CL*VISCL/THCOL 
RE=DENL*DO*U/V I SCI.
C TO FIND THE COORDINATES FOR ANDERSON AND SAUNDERS. AND BECKER CORi
XX(I)=RE
YY( I )-NU/PR**( 1 ./3. )
ZZ(I)=NU 
2^2 CONTINUE 
PRINT 9 
PRINT 13 
WRITE (7.13)
13 FORMAT (2X,25H<8) CALCULATED RESULTS /)
PRINT 63
WRITE (7.63)
63 FORMAT (2X.6HRUN NO.IX.5HWATTS.3X.2HT5.4X.2HT6.4X.2HT7»4X.2HT8.
13X.3HTW5.3X.3HTW6.3X.3HTW7.3X * 3HTWQ.3X.3HTWM.2X.4HDELT.3X » 3HQ/A/) 
DO 65 I=1.N
WRITE (7.62) RN( I ) ,WATT( I ) .T5( I ) .T6(I ) » T7( I ) »T3( I) »TW5( I ) .TW6( I )
1TW7( I ) ,TW8( I ) ,TW( I ) ,DELT( I ) » QA( I )
PR I NT 62. RN( I ) .WATT( I ) .T5( I ) .T6( I ) .T7 < I ) .T8( I ).TW5( I ) .TW6( I)
1 T W 7 ( I ) , T W 8 ( I ) . T W ( I ) , D E L T ( I ) ♦ Q A ( I )
62 FORMAT (2X»F6•2,F6.0.9F6.1.F5.1,F7.0).
65 CONTINUE 
PRINT 9 
PRINT 14 
WRITE (7.14)
14 FORMAT <2X,71H(C) COORDINATES TO CORRELATE FORCED CONVECTION HE/ 
IT TRANSFER EQUATIONS/)
PRINT 67 
WRITE (7,67)
67 FORMAT (2X.6HRUN NO,5X,12HR0TATING RE.,5X,14HNU/(PR)**(1/3)/)
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DO 64 1 = 1 »N
PRINT 66 ♦ RN( I ) * XX ( I ) . YY( I ) tZZ! I )
WRITE (7.66) RN( I ) .XX( I ).YY( I )»ZZ( I )
66 FORMAT ( 2 X » F 6 • 2 . F 1 4 • 0.2F 17 • 0 )
64 CONTINUE
C TO CALCULATE TEMPERATURE DROP AND thermal CONTACT resistance
PRINT 1000 
WRITE (7.5)
5 FORMAT (2X.6HRUN NO » IX.5HWA T TS.2X.4HT0I5.2X.4HT026.2X.4HTD37.2X. 
14HTD40,3X.5HTCR15.3X,5HTCR26.3X.5HTCR37.3X.5HTCR48/)
PRINT 18
18 FORMAT (2X.6HRUN NO. l.X » 5HWATTS » 2X » 4 HTD 1 5 . 2X . 4HTD26 . 2X « 4HTD37 » 2X ♦ 
14HTD4 8.3X.5HTCR15.3X.5HTCR26.3X.5HTCR37.3X.5HTCR4 8.3X » 3HTC1 .3X »
1 3HTC2 . 3X . 3HTC3 . 3X , 3HTC4 . 3X . 3HTC.5 . 3X . 3HTC6 . 3X . 3HTC7 . 3X . 3HTC8/ )
DO 4 I=1 ,N 
TD15 = TC 1 ( I )—TC5( I )
TD26 = TC2( I )-TC6( I )
TD37=TC3(I)-TC7(I)
TD48=TC4(I)-TCQ(I)
TCR15=TD15/QA(I)
TCR26=TD26/QA(I)
TCR37=TD37/QA(I)
TCR48=TD48/QA(I)
‘WRITE (7.17) RNM ) .WATT( I ) . TD 1 5 . TD26 » TD37 » TD48 . TCR 1 5 , TCR26 . TCR37 . 
' 1TCR48
PRINT 19. RN( I ) .WATT( I ) .TD15.TD26.TD37.TD48,TCR15♦TCR26.TCR37 * 
1 TCR48. TC 1 ( I ) . TC2 ( I ') * TC3 ( I ) . TC4 ( I) * TC5 ( I ) . TC6 ( I ) . TC7 ( I ) . TC8 ( I )
17 FORMAT (2X.F6.2.F6.Q.4F6.1 .4 F8•4)
19 FORMAT (2X.F6.2.F6.G.4F6.1.4F8.4.8F6.1)
4 CONTINUE
C TO CALCULATE END CONDUCTION LOSS
PRINT 1000 
PRINT 6 
WRITE (7.6)
6 FORMAT (4X.6HRUN NO , 5X»5HWATTS.6X,3HRPM.7X»3HQ/A.7X.4HC0ND»
13X.7HPERCENT/)
DO 1 I = 1 »N 
Q123=AREA*QA(I)*2.25/8.
PERCEN=C0ND(I)/Q123*100.
PRINT 80. RN( I ) .WATT( I ) .RPM( I ) ,QA( I ) .COND( I ) .PERCEN 
WRITE (7.80) RN(I).WATT(I)«RPM(I).QA(I>.COND(I).PERCEN 
80 FORMAT (2X.F8•2 »4F10.0.F10.2)
1 CONTINUE 
PRINT 1000 
PRINT 10 
10 FORMAT (////)
GO TO 201 
808 CALL EXIT 
END
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C SUBROUTINE TO READ TEMP AND MV CONVERSION TABLE
SUBROUTINE TREAD 
DIMENSION TT(10,34)
COMMON TT
READ 1< ( (TT( I iJ) *1 = 1* 10) iJ=1 (34 )
1 FORMAT (10FS.3)
RETURN
END
C SUBROUTINE TO INTERPOLATE THE EQUIVALENT TEMPERATURE READINGS
SUBROUTINE TCAL(MV,T)
REAL MV
DIMENSION TT( 10 » 34 )
COMMON TT
DO 1 J=1i34
DO 1 1=1.10
IF (TT(IiJ)-MV) lt2*2
2 11=1 ’
JJ = J
GO TO 3 
I CONTINUE
3 IF (II—1) 4*4*5
4 111=10 
JJ1=JJ-1 
GO TO 6
5111=11-1 
JJ1=JJ 
6 AJ=JJ1 
A I = I I 1
T-60. + 1 0.*( AU-1 . ) + ( AI-1 *.) + (MV —TT( I I 1 * J J 1 ) ) / < TT ( I I * J J ) -TT( I I 1 «JJ1 ) )
RETURN
END
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(3) RUN NO. 53.00
LIQUID-SURFACE COMBINATION (WATER - BRASS)
N= 5 AVERAGE BOILING TEMPERATURE= 210.9
(A) EXPERIMENTAL DATA--
RUN NO RPM VOLTS AMPS TSMV TSMV T7MV T6M V TSMV T 4 T 3 T 2 T 1
53. 02 0 . 191.5 7.Q6 4 .248 4 . 477 4 • 450 4 .359 4.391 327 .6 322.5 32 1 .3 348. 1
53.07 0 . 1 56.5 6 . 35 4 .248 4.431 4 .437 4.323 4. 359 298. 1 298.2 299.0 319.8
53.15 0 . 111.0 4.50 4.250 4.369 4.376 4 .294 4.316 264 . 1 266.5 267.2 278.8
53.20 0 . 1 56 . 5 6.30 4. 247 4 . 434 4.399 4.313 4.356 298.5 298.2 298.2 319.7
53.25 0 . 191.0 7.80 4.249 4 . 466 4.414 4.312 '4.367 326 .0 322.3 321 .8 350 . 1
(^ > CALCULATED RESULTS—
RUN NO WATTS T5 T 6 T7 T8 TW5 TW6 TW7 T W8 TWM DELT u/A
53.02 1 505. 217.0 215.8 219.3 220.3 216.3 215.1 218.5 2 19.6 215.5 4.6 26171.
53.07 994 . 215.8 214.5 2 18.8 218.6 215.4 214.0 2 18.3 2 18.1 214.4 3.5 1 7279.
53. 15 50 0 . 214.2 213.4 2 16.5 216.3 214.0 213.1 2 16.3 216.0 213.4 2.5 8685.
53.20 986 . 215.7 214.1 2 17.3 218.7 215.3 213.6 216.9 ■ 218.2 214.2 3.3 17143.
53.25 1 490 . 216.1 214.0 2 17.9 219.9 215.4 213.3 217.2 219.2 214.0 3. 1 25904.
(C) COORDINATES TO CORRELATE FORCED CONVECTION HEAT TRANSFER EQUATIONS
RUN NO ROTATING RE. NU/(PR)**( 1/3) NU
53.02 0. 1 130. 1 36 3 .
53.07 o». 964 . 1163.
53. 15 0. 680 . 820.
53.20 0. 1 042. 1257.
53.25 0 . 1641. 1979'. i29
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(C) COORDINATES TO CORRELATE FORCED CONVECTION HEAT TRANSFER EQUATIONS 
RUN NO ROTATING RE. NU/(PR)**(1/3) NU
55.01 184761. 787. 948
55 . 02 144911. 739. 890
55. 03 109118. 704. 848
55.04 71731. 70 0. 843
55.05 365 17. 684. 824
_j5 .06 21737. 660 . 795
55 . 07 14491. 696 . 838
55.08 6521. 757. 912
55.09 /"V 791 . 953
55.14 • 173168. 615. 74 1
55. 1 5 144476. 58 1 . 700
55. 1 6 1072 34. 551 . 664
55. 17 73180. 547. 659
55. 18 3608 3. 570. 687
55. 19 21592. 54 3. 655
55.20 13767. 557. 67 1
55.2 1 7390. 641 . 772
55.22 0 • 607. 732
55.27 17534 2. 499. 60 1
55.28 143896. 437. 527
55.29 108393. 4 10. 494
55.30 71731. 382. 460
55 .31 36952. 374. 450
55.32 22461. 330. 397
55.33 14056. 316. 380
55.34 7101. 344. 415
55.35 334. 403
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(C) COORDINATES TO CORRELATE FORCED CONVECTION HEAT TRANSFER EQUATIONS
RUN NO ROTATING RE NU/(PR)**(1/3) NU
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58 . 04 
53 . 05
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58 . 09 
58. 1 3 
58. 1 7 
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58 • 25
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127234 
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18831 
12215
6 1 07
o
0
6616 
12469 
1 8958 
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130288 
155226 
0
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1 8958 
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155226
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1 062. 
1 067. 
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1 096. 
1 1 0 2 . 
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858 . 
863. 
863. 
854 . 
845. 
835 . 
840 . 
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889. 
586. 
617. 
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594 . 
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2 1 2 1  
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1 178 
1 161 
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(S) RUN NO. 59.00
LIQUID-SURFACE COMBINATION (R-113 - COPPER)
K-45 AVERAGE BOILING TEMPERATURE^ 116.5
(A) EXPERIMENTAL DATA--
1UN NO RPM VOLTS AMPS TSMV T8 MV T7MV T6 MV T5MV T 4 T 3 T 2 T 1
59. 0 1 0 . 191.0 7 .95 1 . 904 2 . 525 2 .632 2.641 2. 385 0 . 0 0 . 0 0 0 0 .
59.05 48 . 19 1.0 7.97 1 . 905 2.508 2 .620 2.633 2.577 0 . 0 0 . 0 0 r\ u •
59.06 95 . 191.0 7.97 1 .905 2 .507 2 .622 2.. 633 2.580 0 . 0 0 . 0 0 0 0 .
59.07 146. 19 1.0 7.97 1 .905 2 . 503 2 .623 2 . 633 2. 580 0 . 0 0 . 0 0 0 u •
59.08° 244 . 19 1.0 7.97 1 .905 2 .5 04 2 .629 2.637 2.589 0 . 0 0 . 0 0 0 u •
59.09 503 . 19 1.0 7 .97 1 .905 2.4 96 2 .633 2.644 2.599 0 . 0 0 . 0 0
A 0 .
“9.10 770 . 191.0 8 . 0 0 1 . 906 2 . 479 2 .6 34 2 .64 5 2.608 0 .0 0 . 0 0 0 0 .
5°. 1 1 999 . 19 1.0 8 . 0 0 1 .906 2.4 54 2 .622 2.64 0 2.608 0 .0 0 . 0 0 0 4 .
59. l 2 1 230 . 19 1.0 8 . 0 0 1 .906 2.4 26 2 .610 2 .631 2.605 0 . 0 0 . 0 0 0 0 .
59. 1 3 0 . 1 56.5 6.4 1 1 .906 2.4 13 2 .514 2.513 2. 478 0 . 0 0 . 0 0 0 0 •
59. 1 7 50 . 1 56.5 6.45 1 .907 2 .404 2 .513 2.515 2.479 0 . 0 0 . 0 0 0 4 •
59. 18 I 00 . 1 56 . 5 6.45 1 .907 2.409 2 .517 2.517 2.481 0 . 0 0 . 0 0 0 0 *
59. 1 9 1 52 . 1 56 . 5 6 .45 1 .907 2.413 2 .5 19 2.520 2 . 485 0 .0 0 . 0 0 0 4 •
59.20 245 . 1 56.5 6.45 1 .908 2.4 20 2 .528 2.526 2.49 3 .0 . 0 0 . 0 0 0 0 .
59.21 501 . 156.5 6 .45 1 .907 2.403 2 .528 2 . 528 2. 499 0 .0 0 . 0 0 0 4 .
59.22 764 . 1 56.5 6.45 1 . 908 2 . 381 2 . 523 2.53 1 2.501 0 . 0 0 . 0 0 0 4 .
59.23 1 0 2 0 . 156.5 6.45 1 . 9 1 C 2*350 p.508 2.523 2.502 0 . 0 0 . 0 u 0 u.
59.24 1 225 . 156.5 6.45 1.910 2.313 2 .4 87 2.506 2.493 0 . 0 0 . 0 0 0 4 .
59.25 0 . 1 1 1 . 0 4.60 1 . 907 0 .623 2 . 367 2 . 363 2. 331 0 .0 0 . 0 0 0 u.
5 0 . 39 • 1 1 1 . 0 4 .60 1 . 908 0 . 0 2 . 350 2.352 2.314 0 . 0 0 . 0 0 0 o.
59.30 93 . 1 1 1 . 0 4.60 1 . 908 0 . 0 2 . 36 0 2 .355 2.322 0 . 0 0 . 0 0 0 U •
59.31 148 . 1 1 1 . 0 4 .60 1 .908 0 . 0 2.367 2 . 364 2.329 0 . 0 0 . 0 0 0 0 •
59.32 251 . 1 I 1 . 0 4.60 1 . 908 0 . 0 2.382 2 . 376 2.33 9 . d.o 0 . 0 0 0 o.
59.33 5 14. 1 1 1 . 0 4.60 1.91 0 2.275 2. 379 2 . 382 2. 347 0 . 0 0 . 0 ■'N 0 4 .
59.34 761 . 1 1 1 . 0 4.60 1.910 2 . 24 1 2.357 2 .371 2 . 345 0 . 0 0 . 0 0 0 4 •
59 • 35 10 1 0 . 1 1 1 . 0 4.60 1 .910 2 . 336 2. 326 2 . 343 2. 330 0 . 0 0 . 0 0 0 4 .
59.36 1 304 . 1 1 1 . 0 4.60 1.910 0 . 0 2.287 2.303 2. 305 0.0 . 0.0 0 0 4 .
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(9) RUN NO. 60.00
LIQUID—SURF ACE COMBINATION (WATER - COPPER)
N= 5 AVERAGE BOILING TEMPERATURE= 211.5
(A) EXPERIMENTAL DATA--
RUN NO RPM VOLTS AMPS TSMV T8MV T7MV T6MV T5MV T 4 T 3 T 2 T 1
60.02 0 . 191.0 7.91 4.261 4.453 4.542 4.616 4.619 314.2 320 .2 327.5 319.0
60.07 0 . 156.0 6.40 4.262 4.431 4.484 4.532 4.545 297.2 299.2 299.2 295.7
60. 1 2 0 . 111.0 4.54 4.265 4.383 4.405 4i419 4.432 266 .2 266.2 264.7 263.5
60.17 0 . 156.5 6.37 4.263 4.429 4.493 4.537 4.539 297.2 298.7 298.7 293 .0
60.22" 0 . 191.0 7.90 4.263 4.552 4.530 4.611 4.616 313.7 318.7 325.0 317.2
( 8 ) CAlculated results—
RUN NO WATTS T 5 T 6 T7 T8 TW5 TW6 TW7 TW8 T WM DELT ^/A
60.02 15 11. 225.6 225.5 222.7 219.3 225.3 225.2 222.4 219.0 225.3 13.8 26269
60 .07 998. 222.9 222.4 220.5 218.5 222.7 222.2 220.4 218.3 222.4 10.9 1 7360
60. 1 2 504 . 2 18.7 218.2 217.6 216.8 2 18.6 218.1 217.5 216.7 2 18.2 6.7 8 762
60.17 997 . 222.8 222.7 221.0 218.5 222.6 222.5 220.8 218.4 222.5 11.0 1 7334
60.22 1 509 . 225.7 225.5 222.4 223.3 225.4 225.2 222.1 223. 0 225.3 13.8 26236
(C) COORDINATES TO CORRELATE FORCED CONVECTION HEAT TRANSFER EQUATIONS
RUN NO ROTATING RE. NU/(PR)**(1/3> NU
60 . 02 
60.07 
60. 12 
60. 1 7 
60.22
0. 378. 455,
0. 316. 38 1,
0. 258. 310'.
0. 311. 374.
0. 376. 453,
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(C) COORDINATES TO CORRELATE FORCED CONVECTION HEAT TRANSFER EQUATIONS 
RUN NO ROTATING RE. NU/(PR)**(1/3) NU
62.01 0 . 431 . 519.
62.05 5938. 451 . 543.
62.06 14483. 432. 520 .
62.07 21290. 436. 526 .
62.OS 35918. ' 399. 481 .
62.09 72416. 382. 460 •
62. 1 0 1089 14. 396. 478.
62. 1 1 1441 OS. 421. 508 .
62. 1 2 227336. 489. 589 .
62.13 0 • 328. 395 .
62.17 ■ 7242. 336. 404 .
62.18 14628. 346. 417.
62.19 21580. 330. 398 .
62.20 35629. 330 . 397.
62.2 1 72126. 34 3. 413.
u2 . 2 2 1084 79. 355. 428 .
62.23 145267. 373. 450 .
62.24 217683. 449. 54 1 .
62 .25 0 • 255. 307.
62.29 6373. 277. 334 .
62.30 14628. 274 . 330 .
62.31 21725. 263. 323.
62 .32 36932. 301 . 362.
62.33 71837. 352. 424 .
62.34 107900. 382 . 460 .
62.35 147294. 4 08. 49 1 .
62.36 217248. 433. 582.
62.37 263594. 569. 686.
H Ln 
H1
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REMARKS:
I, Tl, T2, T3, TE, T$, T6 , T? & T8 = temperatures of Thermocouples (T/C) No . 1, 2,
3» 5* 6, 7 & 8 respectively, °F
• 2, TSMV, T5MV, T6MV, T7MV & T8MV = temperature readings of Thermocouples Ts , T^,
Tfi, Tr,, & Tq respectively, milivolts
3o TW5, TW6,'TW7, & TW8 = wall or surface temperatures calculated based
on Thermocouples No. 5* 6 , ?, & 8  respectively, 
°F
k-, TWM = (TW5 + 2TW6)/3 = mean wall or surface temperature, °F
5. DELT = AT = TWM - Tg(average)* F
^  2 
60 Q/A = heat flux density, B.t,u„/hr-ft
t—* 
(O
153
APPENDIX V
DISCUSSION OF THERMAL INTERFACE RESISTANCE
The possible causes of the high thermal resistance 
generated at the interface between the spacer cylinder and 
the outer sheath of the cylinder assembly are discussed as 
followss
a. Contact resistance
65
McDonald has proposed an equation to predict the 
thermal resistance at the interface between two parallel 
contact surfaces for various metals and for various types 
and degrees of surface finish at low contact pressures.
By employing his equation with the assumption that the 
roughness pattern of the contact surfaces is parallel and 
the summed roughness has a value between 2 0  and 2 0 0  micro­
inches (C. L„ Ao)* the calculated thermal contact resis­
tance at the interface between the spacer cylinder and the 
outer sheath of the copper or brass cylinder ranged between
0.0005 and O 0 OOI5  hr-ft -oF/Bot„u 0 However, from Table IV 
all values of the thermal resistance at the two interfaces 
within the copper and brass cylinders of the present in­
vestigation are in the range between 0 o 0 0 3  and 0 „ 0 0 7  
hr-ft^-°F/B.t .u, which are about 5 to 6  times greater than 
the values predicted by McDonald's equation,, Therefore,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
we may conclude that the high temperature drop across the 
interface along the cylinder was not caused solely by the 
thermal contact resistance generated at the interface0
b. Air gap resistance
dT Tl~ T2By applying the conduction equation, Q=-kA^“ =— 5^ —
with an average ka^r=0.0l8 B„10u./hr-ft- F for temperature 
o . o
drops of 150 F and 45 F with power inputs of 1500 watts 
and 500 watts respectively, the calculated thickness of 
the air gap (*2~ xl^ l°r 80th conditions are approximately 
equal to 0,001 inch. Although the precision measurement 
of the diametral clearance between the outside diameter 
of the spacer cylinder and the inside diameter of the 
outer sheath was not made prior to the assembling of the 
cylinder assembly, a diametral clearance of the order of 
O o O O l  to 0,002 inch seems quite feasible for a slide 
cylindrical fit0 Therefore, we may conclude that the high 
temperature drop across the interface for both brass and 
copper cylinders was probably due to the presence of an 
air gap of the order of 0,001 inch at the interface.
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APPENDIX VI 
SAMPLE CALCULATIONS
(A) Calculation of thermal interface resistance;
•
Q = total heat input = (1509 watts) x 3o^l3 
= 5150 B 0t o U . / h r  (from Run No. 51*32)
T]_ = temperature at Thermocouple (T/C) No 0 1
293o0°F (from Run No, 51.32)
o
Tcj = temperature at T/C No 0 5 = 137*^ F (RN 5 1 ,3 2 )
L = length of .cylinder = 8  in = 0 0 6 6 7  ft
R± = radius of T/C No. 1 = 0,35 in = 0,0292 ft
Rc = radius of interface = 0,50 in = 0.Oh-17 ft
R 5  = radius of T/C No, 5 = 0,5375 in = 0„0h-h-8 ft
A = circumferential area of cylinder at interface
= 2 x 7 T x R c x L  = 0„17h-5 ft2
k^ = average thermal conductivity of brass spacer 
cylinder
= 68.9 B.t.u./hr-ft-°F
k^ = average thermal conductivity of brass outer 
sheath
= 73o6  B .t,u,/hr-ft-°F
Tll= iemPenature at interface based on T^
= T-,- — -—  In - 286,6°F
1 27TL k± Rx
T55= 'bemPera'ture ai interface based on T^
= t 5+ ln r, ~ 138-6°p
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I.T.D. = interface temperature drop
= TH ~  t55= 286o6 - 1 3 8 . 6  = 1^-8.0°F 
R = thermal interface resistance !
= Tq/a'F  = " ig~v'05i5Qrl?^5 = 0o0050 hr-ft2-°F/B0t.u,
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APPENDIX VI 
SAMPLE CALCULATIONS'
(B) Calculation of end conduction loss:
Tx= 308.2°F (from Run No„ 51.02)
T5= 135.9°F (from Run No. 51.02)
TQ= maximum temperature at shaft base = (T^+ T^)/2 
o
= 222 F
T = saturation temperature = 117.0°F
T^= film temperature = (T0+ Tg)/2 = 169.5°F
Power input = 1505 watts
Q = total heat input = (1505 x 3.^13) = 5136 B.t.u./hr
d*]_= outside diameter of shaft = 0 . 5  in. = 0.0416? ft
d2= inside diameter of shaft = 0.3125 in. = 0,02604 ft
L = length of shaft = 3 in. = 0o25 ft
kg= thermal conductivity of stainless steel shaft 
= 10.0 B.t.u,/hr-ft-°F 
N = rotating speed = 1000 rpm (from Table V)
Pjj= density of liquid R-113 at film temperature 
= 8 9 . 6  lbm/ft^
CL= specific heat of liquid R-113 at film temperature 
= 0.24 B .1 0 u./lbm -°F 
kjj= thermal conductivity of liquid R-113 at film temp.
= 0.036 B,t.u./hr-ft-°F
viscosity of liquid R - 1 1 3  at film temperature
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= 0.802 lbm/ft-hr
Pr = Prandlt number = = 5 .3 8 ?
kL
U = surface velocity of shaft = 77 x d^ x N x 60 
= 785^ ft/hr 
C = perimeter of shaft = 77d-^= 0„131 ft 
A = cross sectional area of hollow shaft
= IL (d?- dp) = o„00083 ft2
4  ~ P rUd-.
Re = rotating Reynolds number = — -— = = 3 6 5 7 2
M'L
2/2 l/7
Nu = Nusselt number = 0.12(Re) (Pr) = 232
h = forced convection heat transfer coefficient 
Nukr O
= = 199 Bot0u 0/hr-ft - F
6 0  = To- V  !05OF
m = (_jl_x_s_)*=, 56 1/ft
kgx A
tanhmL = 1 , 0
= conduction loss at each end 
= (kg )(m)(A){Qq )(tanhmL) = ^ 9  B„t,u0/hr
qT
Percentage of end conduction loss = — — • X 100 = 1„0^
y
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